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I, DAN-NING HU, hereby declare as follows: 

1 . I am a co-inventor of the invention disclosed and claimed in the 
present United States patent application. 

2. I hold the following relevant positions: (1) Director, Tissue Culture 
Center, New York Eye and Ear Infirmary; (2) Research Professor of Ophthalmology, New 
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York Medical College; (3) Chairman, Society of Ocular Pigment Cell Research; (4) 
Chairman, Ocular / Extracutaneous Pigmentation Interest Group, International Federation 
of Pigment Cell Research; and (5) Associate Editor, Pigment Cell Research. 

3. I have reviewed the Office Action mailed by the U.S. Patent and 
Trademark Office on June 16, 2004 for the present application. I have also reviewed 
Swope et al., 1995, Experimental Cell Research 217:453-459 ("Swope"), U.S. Patent No. 
5,916,809 to Yanase et al., 1994 ("Yanase"), Chen et al, 2000, J. Dermatology 27:434-439 
( "Chen"), Hu et al., 2000, Exp. Eye Res. 71:217-224 ( "Hul"), and Hu, 2000, Pigment Cell 
Res. 13 Suppl. 8:81-86 ( "Hull"). Each of these references was cited by the Examiner in 
the rejections of the claims as set forth in the June 16, 2004 Office Action. 

4. I provide this declaration, in part, to explain why, with the Swope, 
Yanase, Chen, Hul and Hull references at hand (each of which pertain only to uveal 
melanocytes), a person of ordinary skill in the art nevertheless would understand that uveal 
melanocytes are radically different from epidermal melanocytes ("EM") and, therefore, 
would not have had a reasonable expectation that culture formulations for growing uveal 
melanocytes would be useful for culturing EM. 

5. Hu's paper (1) studied uveal melanocytes which are located in the 
eye, and which are distinctly different from the epidermal melanocytes (EM) located in 
skin. EM and uveal melanocytes are entirely different cells, each with an entirely different 
cell biology and patho-physiology. 
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6. A partial listing of the great differences between EM and uveal 
melanocytes, which would have been appreciated by a person of ordinary skill in the art, 
are as follows: 

a) EM respond to ultraviolet radiation (e.g., tan color of skin) but uveal melanocytes 
do not (1,2, 3). 

b) EM transfer melanin to keratinocytes but uveal melanocytes do not transfer 
melanin (1, 2, 3). 

c) EM respond to many inflammatory diseases by the changing of skin color but this 
is very rare in the eye (1,2). 

d) The malignant transformation of EM, cutaneous melanoma, increases in 
incidence by ultraviolet exposure over a period of years, but uveal melanoma 
exhibits no such increase (4, 5). 

e) Metastasis of skin melanoma is mainly through the lymphatics - skin metastasis is 
common. Metastasis of uveal melanoma is mainly through the blood vessels, 
leading to the liver (6). 

f) Cytogenetics studies: Skin melanoma exhibits changes of chromosome 1, 6, 7, 9 
and 10. Uveal melanoma exhibits changes of chromosome 3, 6 and 8 (6, 7). 

g) Molecular genetics: Skin melanoma most commonly demonstrates RAS and 
BRAF mutations and B-catenin is mutated in 25% cases. Uveal melanoma 
demonstrates no RAS, BRAF and B-catenin mutations (6, 8). 
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h) Integrin expression: Skin melanoma expresses a2 commonly and a5 rarely. 
Uveal melanoma exhibits ol rarely and <x5 commonly (9). 

i) In vitro: EM respond to ACTH and a-MSH but uveal melanocytes do not (1). 
j) Uveal melanocytes respond to 02 (but not pi) adrenoreceptor agonist (10); 

therefore, based on this information, a person of ordinary skill in the art would 
use a specific (32 agonist. Surprisingly, epinephrine has a significantly greater 
effect on EM than demonstrated by either specific pi or p2 adrenoreceptor 
agonists. 

7. In light of the distinct cytology of EM and uveal melanocytes, 
therefore, the effect of any compounds on EM growth, melanogenesis, and migration must 
be tested individually with no expectation that any single compound (or combination), 
which was useful for culturing uveal melanocytes, would be suitable for EM growth, 
melanogenesis, and migration. 

8. For example, we selected epinephrine for culturing EM rather than a 
specific adrenergic agonist only after we undertook a separate study of the effects of 
several adrenergic agonists on EM and uveal melanocytes. In uveal melanocytes, only the 
P2 adrenoreceptor agonist, metaproterenol, was found to stimulate their growth and 
melanogenesis. Notably, a pi adrenoreceptor agonist (prenalterol) and a p3 adrenoreceptor 
agonist (D-71 14) did not have any effect on uveal melanocyte growth and melanogenesis 
(10) indicating that uveal melanocytes were specifically responsive to P2 adrenoreceptor 
agonists. 
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9. Accordingly, with knowledge of the response of uveal melanocytes 
to the various adrenoreceptor agonists discussed above, a person of ordinary skill in the art 
- IF looking to add an adrenoreceptor agonist to a culture medium formulation - would 
have selected a specific 02 adrenoreceptor agonist rather than the non-selective agonist, 
epinephrine. 

10. In reality, the responsiveness of EM to the various adrenoreceptor 
agonists was quite different than that of uveal melanocytes. Both pi (prenalterol) 
adrenoreceptor agonist and 02 adrenoreceptor agonist (metaproterenol) were found to 
stimulate the growth and melanogenesis of EM. Importantly, the effects of epinephrine 
were surprisingly much more potent than that of the 02 adrenoreceptor agonist, further 
indicating that the mechanism of action of adrenergic agonists is different in EM and uveal 
melanocytes. 

1 1 . These results are shown in the enclosed bar graphs depicting growth 
(Figure 1) and melanogenesis (Figure 2) of EM in the presence of epinephrine (bar 2), a 
specific 01 adrenoreceptor agonist (bar 3 labeled beta-1), a specific P2 agonist (bar 4 
labeled beta-2), and a specific P3 agonist (bar 5 labeled beta-3). These data were obtained 
in accordance with the methods disclosed in the present specification. Figure 1 shows the 
effects of the various adrenergic agonists on cell growth of cultured EM. Cells were 
cultured with cAMP-elevating agents-deleted culture medium (control) or supplemented 
with the various adrenergic agonists. Epinephrine, prenalterol (a pi adrenoreceptor 
agonist), metaproterenol (a 02 adrenoreceptor agonist), and D-71 14 (a P3 adrenoreceptor 
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agonist) were added to the culture medium at concentration of 1CT 5 M. Cells were cultured 
for six days, after which cell number was counted and compared. The results are expressed 
as percentages of controls (three wells per group, Mean ± SD). Figure 1 clearly 
demonstrates that the addition of epinephrine, metaproterenol and prenalterol induces a 
significantly greater cell number than that of the control (p < 0.01). Cell number of EM 
cultured with D-71 14 showed no significant difference as compared with the control (p > 
0.05). Cell number in EM cultured with epinephrine were significantly greater than that of 
EM cultured with metaproterenol (0.05 > p >0.01) or prenalterol (p < 0.01). Figure 2 
shows the effects of various adrenergic agonists on melanogenesis in cultured EM. Cells 
were cultured with cAMP-elevating agents-deleted culture medium (control) or 
supplemented with the various adrenergic agonists. Epinephrine, prenalterol (a pi 
adrenoreceptor agonist), metaproterenol (a P2 adrenoreceptor agonist), and D-71 14 (a 03 
adrenoreceptor agonist) were added to the culture medium at concentration of 10" 5 M. 
Cells were cultured for six days, after which the amount of melanin per well was measured 
and compared. The results are expressed as a percentage of control (three wells per group, 
Mean ± SD). Figure 2 demonstrates that the addition of epinephrine, metaproterenol and 
prenalterol induces a significantly greater melanin content per well than that of the control 
(p < 0.01). The melanin content per well measured in EM cultured with D-71 14 showed 
no significant difference as compared to control (p > 0.05). The melanin content per well 
in EM cultured with epinephrine was significantly greater than that of EM cultured with 
metaproterenol (0.05 > p >0.01) or prenalterol (p < 0.01). 
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12. The references cited herein are listed below. Copies of these 
references are enclosed for the Examiner's convenience. 

1 . Hu DN. Regulation of growth and melanogenesis of uveal melanocytes. Pigment 
Cell Res 2000; 13 (Suppl. 8): 81-86. 

2. Boissy RE. The melanocytes: its structure, function, and subpopulations in skin, eye 
and hair, Dermatologic Clinics 1988; 6: 161-173. 

3. Boissy RE. Extracutaneous melanocytes, in The Pigmentary System, Edited by 
Nordland JE et al. Oxford Univ. Press, Oxford, 1998. p. 68. 

4. Singh AD, Rennie IG, Seregard S, Giblin M, McKenzie J. Sunlight exposure and 
pathogenesis of uveal melanoma. Surv. Ophthalmol. 2004; 49, 419-28. 

5. Bergman L, Seregard S, Nilsson B, Ringborg U, Lundell G, Ragnarsson-Olding B. 
Incidence of uveal melanoma in Sweden from 1960 to 1998. Invest. Ophthalmol. 
Vis. Sci. 2002; 43, 2579-2583. 

6. Edmunds SC, Kelsell DP, Hungerford JL, Cree IA. Mutational analysis of selected 
genes in the TGFp, Wnt, pRb, and p53 pathways in primary uveal melanoma. 
Invest. Ophthalmol. Vis. Sci. 2002: 43: 2845-2851. 

7. Loercher A.E, Harbour JW. Molecular genetics of uveal melanoma. Curr. Eye Res. 
2003; 27, 69-74. 

8. Cohen Y, Goldberg-Cohen N, Parrella P, Chowers I, Merbs SL, Pe'er J, Sidransky 
D. Lack of BRAF mutation in primary melanoma. Invest. Ophthalmol. Vis. Sci. 
2003, 44: 2876-2878. 

9. ten Berge PJ, Danen EH, van Muijen GN, Jager MJ, Ruiter DJ. Integrin expressions 
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in uveal melanoma differs from cutaneous melanoma. Invest Ophthalmol Vis Sci 
1993;34:3635-3640. 

1 0. Hu DN, Woodward DF, McCormick SA. Influence of autonomic neurotransmitters 
on human uveal melanocytes in vitro. Exp Eye Res 2000; 71:217-24. 

13. In conclusion, it is my opinion that a scientist in the field of 
melanocytology would not reasonably have been expected to succeed in making a 
formulation for culturing epidermal melanocytes, as claimed in the present application, 
with the experience of using culture formulations for uveal melanocytes. Indeed, if at all 
motivated to include an adrenergic agonist in the formulation (aware of potential undesired 
interactions with other components of the formulation), the scientist in the field would 
have selected a specific p2 adrenoreceptor agonist and not the non-specific agonist, 
epinephrine. 

14. Moreover, the prior art also has recognized that the scientific 
community has long been searching for a medium suitable for culturing melanocytes to 
produce melanocytes that could be successfully transplanted. Thus, given this general 
belief in the research community, in addition to the myriad of unpredictable factors in 
creating such a culture medium, one could not fairly expect that a combination of findings 
obtained from studies in uveal melanocytes would lead a person of ordinary skill in the art 
to make the formulation that is claimed in the present application. 

15. I hereby declare that all statements made herein of my own 
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knowledge arc true and that all statements made on information and belief are believed to 
be true, and farther that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code, and that such willfal false statements 
may jeopardize the validity of any patent issuing from the above-captioned patent 
application. 
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We have developed methods for the isolation, cultivation, and 
investigation of human uveal melanocytes (UM). Uveal 
melanocytes grow well and produce melanin in vitro in the 
presence of basic fibroblast growth factor (bFGF), cyclic 
adenosine monophosphate-elevating agents, and serum. Cul- 
tured UM respond to various factors. Certain growth factors 
(bFGF and hepatocyte growth factor, etc.), endothelin, 
adrenergic p 2 -receptor agonists, and some prostaglandins 
(EP 2 -receptor agonists and certain TP-receptor agonists) 
stimulate, while transforming growth factor-0 2 , interIeukin-6, 
and cholinergic agonists inhibit melanogenesis and/or growth 
of UM in vitro. a-Melanocyte-stimulating hormone, adreno- 
corticotropic hormone, various sex hormones, and 



prostaglandin F 2a showed no effect on the growth and 
melanogenesis of cultured UM. The stability of UM in vivo 
may be controlled by these factors. Disturbance of this bal- 
ance may lead to certain rare pathologic pigmentary changes 
of the iris. UM are relatively stable in vivo; they usually do 
not respond (proliferate or show dynamic changes in melano- 
genesis) to various environmental factors. The differences of 
the in vivo behavior between uveal and epidermal melano- 
cytes may be determined by both cellular factors and envi- 
ronmental factors. 

Key words: Prostaglandin, Cell culture, Hormone, Neuro- 
transmitter, Growth factor 



INTRODUCTION 

There are two types of ocular pigment cells: pigment epithe- 
lial cells, which originate from the neural ectoderm, and 
uveal melanocytes (UM), which are derived from the neural 
crest. The melanocytes show a limited response to injury 
and inflammation, but they do undergo neoplastic trans- 
formation. Uveal melanoma is the most common intraocu- 
lar malignant tumor (1, 2). By contrast, the pigment epithe- 
lia respond to trauma and inflammation by proliferation, 
but neoplasms of the pigment epithelia are very rare (2). 
Both cell types have been isolated, cultured, and studied in 
vitro. This study will concentrate on the study of UM in 
vitro. 

The UM differ from the epidermal melanocytes in certain 
aspects, mainly: 1) the epidermal melanocytes synthesize and 
transfer melanin to keratinocytes, while UM do not transfer 
melanin to other cells in vivo; 2) the epidermal melanocytes 



grow in vivo and respond to UV radiation, injury, and 
inflammation. Changes of skin color due to environmental 
factors occur in many physiologic or pathologic situations. 
The UM are relatively stable in vivo; they usually do not 
respond to various environmental factors and pigmentary 
changes of the iris are not common (1-3). 

There are two possible explanations for these differences 
between these two cells: 1) UM are different from the 
epidermal melanocytes - they do not respond to various 
factors, such as growth factors, neurotransmitters, inflam- 
matory mediators, and hormones in vivo and in vitro; or 2) 
the environment of the UM (the eye) is different from that 
of the epidermal melanocytes (the skin). 

Until approximately one decade ago, it was impossible to 
study these hypotheses. In 1980s, methods for studying 
melanocytes in vitro were established for epidermal 



Abbreviations - UM: uveal melanocytes; 1BMX: isobutylmethylxanthine; TPA: 12-o-tetradecanoyl-phorbol-l 3-acetate; dbcAMP: dibutyryl 
cAMP; PG: prostaglandin; bFGF: basic fibroblast growth factor 
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melanocytes, but not for UM (4-9). Studies of UM have 
therefore lagged behind. 

Since 1990, we have developed methods for the isolation, 
cultivation, and investigation of UM. Many pure cell lines 
of human UM and the in vitro model for studying the 
regulation of the growth and melanogenesis of UM have 
been established (10-12). Many growth factors, cytokines, 
hormones, neurotransmitters, prostaglandins, and other fac- 
tors have been tested for their effects on the UM (11, 
13-16). Now, the gaps between the knowledge of regulation 
of growth and melanogenesis of these two cells are narrow- 
ing. Furthermore, many biologic factors, mainly various 
neurotransmitters and prostaglandins, have been first stud- 
ied extensively in the UM (16, 17). This study is a brief 
summary of the studies on regulation of growth and 
melanogenesis of UM performed in our laboratory. 

MATERIALS AND METHODS 
Isolation and Culture of UM 

Human UM were isolated from donor eyes using methods 
we developed, as previously described (10). Briefly, the uvea 
was isolated from the sclera and retina. The pigment epithe- 
lium was detached from the uvea by an enzymatic dissocia- 
tion method (trypsin), and then the UM were isolated by 
our trypsin-collagenase sequential method. 

The isolated UM were cultured with one of the following 
culture media: 1) FIC medium: F-12 medium supplemented 
with basic fibroblast growth factor (bFGF; 20 ng/ml), 
isobutylmethylxanthine (IBMX; 0.1 mM), cholera toxin (10 
ng/ml), 10% fetal bovine serum (FBS), glutamine (2 mM), 
and gentamicin (50 ug/ml). 2) TIC medium: FIC medium 
with bFGF replaced by 12-o-tetradecanoyl-phorbol-13-ace- 
tate (TPA, 50 ng/ml). 3) TI medium: TIC medium with a 
deletion of cholera toxin. 

The long-term results of UM cultured with these three 
media have been compared in three cell lines. In each cell 
line, the UM were seeded into three flasks at the first 
subculture and cultured separately with 3 different media. 
Cells were incubated and subcultured continuously until 
senescence. The cumulative population doublings of each 
cell line cultured with these three media were calculated as 
previously described (10). 

Ten cell lines of UM isolated from donors with different 
iris color were studied for melanogenesis of UM. Methods 
for ultrastructural study and measurement of melanin con- 
tent, melanin production, and tyrosinase activity have been 
described previously (12). 

Experiments 

The effects of various agents on the growth and melanogen- 
esis of UM were tested by substitution studies, as described 
previously (11, 13). Briefly, early passages of UM were 
seeded into multi-well plates with FIC medium. After 24 hr, 
the medium was replaced by test media. Various test sub- 
stances at different concentrations were added to the media. 
Cells cultured with test media without the addition of test 
substances were used as controls. Each group was tested in 
triplicate. The media were replaced every 3 days. After 6 



days, the cells were detached for cell counting and melanin 
measurement, as previously described (11-13). A Student's 
/-test was used to assess statistical significance. 

Four different media were used to test the effects of 
various substances: 1) complete medium: FIC medium; 2) 
bFGF/TPA-deleted medium: FIC medium with a deletion 
of bFGF; 3) cyclic adenosine monophosphate (cAMP)- 
deleted medium: FIC medium with a deletion of cAMP-ele- 
vating agents (IBMX and cholera toxin); 4) serum-deleted 
medium: FIC medium without serum. 



RESULTS 

UM isolated and cultured using our methods grew well in 
vitro. A comparative study for testing the effects of three 
media showed that the average cumulative population dou- 
blings for cells cultured with FIC medium, TIC medium, 
and Tl medium were 32.5, 30.6 and 28.0, respectively. Cells 
cultured with FIC medium grew better than those in other 
media. However, the differences were not statistically signifi- 
cant. Many pure cell lines of UM have been established, 
most of them grown in FIC medium. UM grow very well in 
FIC medium, with a doubling time of 24-48 hr. They can 
divide 35-50 times in vitro over a 3-6 month period. 

Cultured UM express tyrosinase activity, produce measur- 
able melanin, and maintain a constant level of melanin 
content per cell in vitro. Numerous immature melanosomes 
are present in the cytoplasm. UM from dark-colored irides 
produce more melanin than those from light-colored irides. 
These results indicate that cultured UM can be a good in 
vitro model system for studying the melanogenesis of UM 
(12). 

The effects of various agents on the growth and melano- 
genesis of UM were: 

1. Growth factors and cytokines: bFGF-stimulated growth 
of cultured human UM. The stimulating effects were 
dose-dependent at concentrations of 1-100 ng/ml. Hepa- 
tocyte growth factor (HGF), fibroblast growth factor-6 
(FGF-6), and keratinocyte growth factor (KGF) showed 
similar but less stimulating effects on UM in bFGF/ 
TPA-deleted medium. Other growth factors, such as 
epidermal growth factor (EGF), nerve growth factor 
(NGF), platelet-derived growth factor AB (PDGF), vas- 
cular endothelial growth factor (VEGF), and acidic 
fibroblast growth factor (aFGF) did not have any effects 
on the growth and melanogenesis of UM in bFGF/TPA- 
deleted medium at a concentration from 1-100 ng/ml. 
Transforming growth factor-p2 (TGF-p2) showed 
marked inhibitory effects on the growth of UM (0.03-10 
ng/ml). Interleukin-6 (IL-6) had mild inhibitory effects 
on the growth and melanogenesis of UM (Table I). 

2. Hormones: a-melanocyte-stimulating hormone (ot-MSH) 
(I0 -5 -10~ 8 M), adrenocorticotropic hormone (ACTH), 
progesterone, and estradiol (0.1-10 (ig/ml) did not have 
significant effects on the growth and melanogenesis of 
UM in cAMP-deleted medium. Melatonin showed no 
effects on the growth and melanogenesis of UM in 
complete medium at concentrations of 10~ ,o -10~ 7 M. 
Endothelin 1 stimulated the growth and melanogenesis 
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Table 1. Effect of growth factors, cytokines and hormones on 
growth and melanogenesis of cultured human uveal melanocytes 



Substance 


Test media 1 


Growth 3 


Melanogenesis 2 


BFGF 


BD 


+ + 


0 


HGF 


BD 


-1- + 


0 


FGF-6 


BD 


+ + 


0 


KGF 


BD 


+ 


0 


aFGF 


BD 


0 


0 


EGF 


BD 


0 


0 


NGF 


BD 


0 


0 


PDGF 


BD 


0 


0 


VEGF 


BD 


0 


0 


THF-R? 

1 VJI -JJZ. 


c 






IL-6 


c 






ot-MSH 


CD 


0 


0 


ACTH 


CD 


0 


0 


Progesterone 


CD 


0 


0 


Estradiol 


CD 


0 


0 


Endothelin 1 


CD 


+ + 


+ 


Melatonin 


C 


0 


0 



'Test media: C, complete medium; BD, bFGF/TPA -deleted 
medium; CD, cAMP-deleted medium. 2 Effects: + , significantly 
higher than the controls; + + : significantly higher and more than 
200% of the controls; 0, no significant difference compared with the 
controls; - significantly lower than the controls; - significantly 
lower and less than 50% of the controls. 

of UM in cAMP-deleted medium at concentrations of 
10-'o_ 10 -6 M (Tab]e j) 

3. Neurotransmitters: the adrenergic agonist, epinephrine, 
which activates both oc-adrenergic and P-adrenergic re- 
ceptors, stimulated the growth and melanogenesis of 
cultured UM in cAMP-deleted medium. Methoxamine 
and clonidine, which activate oc r adrenergic and a 2 - 
adrenergic receptors, showed no effects. Isoproterenol, 
which activates P,-receptors and p 2 -receptors, stimulated 
the growth and melanogenesis of cultured UM in cAMP- 
deleted medium (10" 9 -10- 5 M). The p 2 -receptor ago- 
nists, metaproteronal and salbutamol, also showed 
stimulating effects, but the p, -receptor and P 3 -receptor 
agonists (metaproteronal and D-7114) did not have any 
effects. The cholinergic agonist, muscarine, inhibited the 
growth and melanogenesis of UM in complete and 
serum-deleted medium (Table 2). 

4. Prostaglandins (PGs): PGE„ PGE 2 , PGD 2 , PGI 2 , PGA 2 , 
and one of the TP-receptor agonists (AGN 192093) 
stimulated the growth and melanogenesis of UM in 
cAMP-deleted medium at relativly high concentrations 



Table 3. Effect of PGs and other substances on growth and 
melanogenesis of cultured human uveal melanocytes 



Substance 


Tested media 1 


Growth 2 


Melanogenesis 2 


PGA 7 


CD 


+ 


+ 


PGD, 


CD 


+ 


+ 


PGE, 


CD 


+ 


+ 


PGE-, 


CD 


+ 


+ 


PGF^ 


C, CD. BD, SD 


0 


0 


PGl^ 


CD 


+ 


+ 


BW~245C 


CD 


0 


0 


(DP agonist) 








Sulprostone 


CD 


0 


0 


(EP„ EP 3 








aeonist) 








AH 132052 


CD 






(EP 2 agonist) 








Cicaprost 


CD 


0 


0 


(IP agonist) 






0 


Iloprost 


CD, BD 


0 


(IP agonist) 








AGN 192093 


CD, BD 


+ 


+ 


(TP aeonist) 








U-46619 


CD, BD 


0 


0 


(TP agonist) 








Latanoprost 


C, CD, BD, SD 


0 


0 


(FP agonist) 








PhXA85 


C, CD, BD, SD 


0 


0 


(FP agonist) 








TPA 


BD 






IBMX 


CD 


+ + 


+ + 


dbcAMP 


CD 


+ + 


+ + 


Cholera toxin 


CD 


+ 


+ 


K-Casein 


C 







'Test media: C, complete medium; BD, bFGF/TPA-deleted 
medium; CD, cAMP-deleted medium; SM, serum-deleted medium. 
2 Effects: +, significantly higher than the controls; ++, signifi- 
cantly higher and more than 200% of the control; 0, no significant 
difference as compared with the controls; --, significantly lower 
and less than 50% of the controls. 3 PGI 2 stimulates growth and 
melanogenesis of cultured UM only at very high concentration 
(10- 4 M). 



(10- 5 M, PGI 2 at 10~ 4 -M level). The EP 2 -receptor 
agonist AH 13205 also showed stimulating effects (10 -6 - 
10 - 5 M), but the EP, and EP 3 -receptor agonist (sulpro- 
stone) did not have any effects in cAMP-deleted 
medium. The IP-receptor agonists (cicaprost and ilo- 
prost), DP-receptor agonist (BW 245C), and one of the 
TP-receptor agonists (U-46619) did not have effect 
(Table 3). PGF 2a and its analog latanoprost and 



Table 2. Effect of neurotransmitters on growth and melanogenesis of cultured human uveal melanocytes 



Substance 


Receptors 


Test media 1 


Growth 2 


Melanogenesis 2 


Epinephrine 


a-, p-adrenergic 


CD 






Phenylephrine 


a-, P-adrenergic 3 


CD 


+ 


+ 


Methoxamine 


a, -adrenergic 


CD BD 


0 


0 


Clonidine 


<x 2 -adrenergic 


CD BD 


0 


0 


Isoproterenol 


p,, 2 , 3-adrenergic 


CD 


+ + 


+ + 


Prenalterol 


p r adrenergic 


CD 


0 


0 


Metaproterenol 


p r adrenergic 


CD 


+ + 


+ + 


Salbutamol 


p 2 -adrenergic 


CD 


+ + 




D-7114 


p 3 -adrenergic 


CD 


0 


0 


Muscarine 


Cholinergic 


C, SD 







'Test media: C, complete medium; BD, bFGF/TPA-deleted medium: CD, cAMP-deieted medium; SM, serum-deleted medium. 2 EfTects: +, 
significantly higher than the controls; + +, significantly higher and more than 200% of the control; 0, no significant difference as compared 
with the controls; -, significantly lower than the controls. ^Phenylephrine preferentially activates a, -adrenergic receptors but also stimulates 
P-adrenergic receptors at high concentrations. 
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PhXA85 did not affect the growth and melanogenesis of 
cultured iridal melanocytes from blue, green, and brown 
irides and one cell line from mixed-colored iris in all four 
" tested media (Table 3). 

5. Other factors: TPA stimulates the growth and melano- 
genesis of UM in bFGF-deleted medium (I -100 ng/ml). 
Three cAMP-elevating agents, 1BMX, dibutyryl-cAMP 
(dbcAMP), and cholera toxin stimulated the growth and 
melanogenesis of UM in cAMP-deleted medium. K-Ca- 
sein, a protein in milk, inhibited both growth and 
melanogenesis in UM at very high concentrations (0.1- 
1.0 mg/ml) (Table 3). 

DISCUSSION 

Various biologic substances may stimulate or inhibit the 
growth and melanogenesis of UM. To test the stimulating 
effects of various substances, we developed a substitution 
model for these investigations (11, 13). The principle is as 
follows: when one of the known essential factors is deleted 
from complete medium, melanogenesis and/or growth of 
UM is inhibited. A test substance is added to the 'deleted' 
media. If the test substance has an effect similar to the 
deleted agent, then the growth and melanogenesis of the 
UM will recover. In our previous study, we found that three 
groups of factors, bFGF or TPA, various cAMP-elevating 
agents, and serum are essential for the growth, melanogene- 
sis, and survival of UM in vitro (11, 13). Deletion of any 
one of these factors from the complete medium resulted in 
three different deleted media, the bFGF/TPA-deleted 
medium, cAMP-deleted medium, and serum-deleted 
medium. Based on the known mechanism of the effects of 
the test substance, one or more deleted media can be 
selected as the test media. To test inhibitory effects, com- 
plete medium or other media can be used as the test media. 

In the study of the melanogenesis of UM, three parame- 
ters (melanin content per cell, melanin content per culture, 
and tyrosinase activity) were used to evaluate the effect of 
various substances on the melanogenesis of cultured UM 
(12, 13). An important concept for consideration is which 
parameter is most meaningful in the evaluation of the 
melanogenesis of UM in vitro. Tyrosinase activity is an 
important factor, but not the sole factor in determining the 
rate of melanin production (18). The color of the iris is 
determined by melanin content rather than tyrosinase activ- 
ity (12). Measurement of melanin content is more direct and 
meaningful than that of tyrosinase activity. Melanin content 
per culture is more important than melanin content per cell 
for two reasons. First, melanin content per cell is affected 
both by the melanin production rate and the growth rate. In 
stationary cells, melanin produced accumulates in the cell 
and results in a rapid increase in the melanin content per 
cell. In growing cells, melanin is diluted to daughter cells 
during division and results in a marked decrease of melanin 
per cell (13). Furthermore, from the clinical viewpoint, 
pigmentation is a function of the total melanin present in 
the tissue, not of melanin content per melanocyte (13). 
Therefore, melanin content/culture was used as the main 
parameter for evaluating the effects of various substances on 
the melanogenesis of cultured UM. 



In this study, we found that many factors regulate the 
growth and melanogenesis of cultured UM. Some of them 
deserve further discussion. Among the hormones, the most 
interesting finding is that the oc-MSH and ACTH do not 
have significant effects on the growth and melanogenesis of 
UM in cAMP-deleted medium, while they usually show 
stimulating effects on the growth and melanogenesis of 
epidermal melanocytes (19-22). Boissy obtained similar re- 
sults and found that the receptors for a-MSH 
(melanocortin-1 receptor) are absent in the UM (23). How- 
ever, controversy still exists concerning the existence of 
melanocortin-1 receptors in the UM (24, 25). Melatonin 
does not have effects on growth and melanogenesis of UM 
in vitro; however, melatonin receptors have been detected in 
the UM (26). It is not known that these receptors are 
without function or have an effect on functions other than 
those we have tested. 

The effects of neurotransmitters on melanocytes have 
been studied extensively and systematically, first in the UM. 
This study indicates that adrenergic agonists stimulate the 
growth and melanogenesis of UM in vitro; this effect is 
mainly through the adrenergic (3 2 -receptors. Zhao (17) re- 
ported similar results and demonstrated the presence of 
p-adrenergic receptors in the UM by immunoblotting meth- 
ods. The cholinergic agonist, muscarine, inhibits the growth 
and melanogenesis of UM in vitro. Zhao found that another 
cholinergic agonist, acetylcholine, also had inhibitory effects 
(17). These studies indicate that the growth and melanogen- 
esis of UM are modulated by reciprocal innervation. Adren- 
ergic agonists stimulate while cholinergic agonists inhibit the 
growth and melanogenesis of UM. 

Many PGs have been studied in this study. PGE„ PGE 2 , 
and PGA 2 stimulate the growth and melanogenesis of cul- 
tured UM in cAMP-deleted medium. The EP 2 -receptor ago- 
nist shows stimulating effects, but the EP, and EP 3 -receptor 
agonists do not. Therefore, the PGEs and PGA 2 may stimu- 
late the UM through the activation of EP 2 receptors. This 
result is consistent with the known function of EP 2 receptors 

(27) and the increase in iris pigmentation of monkey eyes 
following local application of PGE 2 , a natural EP 2 agonist 

(28) . PGD 2 and PGI 2 (only in high levels) also stimulate the 
growth and melanogenesis of UM in vitro, but the DP and 
IP-receptor agonists do not have any effects. The underlying 
mechanism of these effects of PGD 2 and PG1 2 requires 
further investigation. 

Latanoprost, a PGF 2o analog and an anti-glaucoma drug, 
causes iris pigmentation in about 10% of glaucoma patients 

(29) . But PGF 2a , latanoprost, and PhXA85 (the active form 
of latanoprost) did not stimulate the melanogenesis and 
growth of cultured UM in this study. This result is consis- 
tent with other reports that PGF 2ot and PhXA85 had no 
effect on the cell number of cultured UM and ocular 
melanoma cells (3). The explanation may be: 1) clinical 
observations indicate latanoprost-induced iris pigmentation 
mainly occurs in patients with mixed colored irides (29). It is 
possible that latanoprost only selectively stimulates the iri- 
dal melanocytes from mixed colored irides. In another series 
of studies we found that latanoprost increased the transcrip- 
tion of the tyrosinase gene in iridal melanocytes from the 
mixed color iris, but not in those from blue and brown irides 
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(30); 2) the effect of PGF 2a may be indirect. For example, it 
may stimulate other types of cells to produce some sub- 
stances that stimulate melanogenesis in UM, or it may 
activate UM to respond to some substances that normally 
do not have melanogenic activity. 

This study indicates that UM respond to many biologic 
factors. These factors can be divided into two categories: 
stimulators, which include some growth factors (bFGF, 
HGF, FGF-6 and KGF), p2-adrenergic agonists, endothe- 
lin, and certain PGs; and inhibitors, which include TGF-p, 
IL-6, and cholinergic agonists. The stability of UM in vivo 
is controlled by these factors. The disturbance of this bal- 
ance may lead to the rare pathologic pigmentary changes of 
the iris, such as depigmentation of the iris due to paralysis 
of the sympathetic nerve (absence of adrenergic 
stimulation). 

When the effects of various factors on the UM are 
compared with those of epidermal melanocytes, we found 
that the response of UM to these factors is similar to that of 
epidermal melanocytes. The main exception is the lack of 
response of UM to a-MSH and ACTH. a-MSH and ACTH 
stimulate the growth and melanogenesis of cultured human 
epidermal melanocytes in cAMP-deleted medium, and the 
receptor of a-MSH (melanocortin-1 receptor) is considered 
a key regulator of human cutaneous pigmentation (19-21, 
31). 

The present studies indicate that the difference in in vivo 
behaviors between UM and epidermal melanocytes is deter- 
mined by both cellular factors and environmental factors. 1) 
Cellular factors: epidermal melanocytes respond to ocMSH 
and ACTH, but UM do not. 2) Environmental factors: 
many factors may influence the environment of melanocytes, 
such as the blood -aqueous barrier in the eye, which restricts 
the entering of high molecular substances from serum to the 
aqueous humor and may limit the growth capacity of UM 
(32). A high level of TGF-(*2 is present in the aqueous 
humor and ocular tissues. TGF-02 at these levels inhibits 
the growth of cultured UM. Therefore, TGF-(5 may be one 
of the factors that maintain the stability of UM in vivo (14). 
Furthermore, in the skin, keratinocytes directly communi- 
cate and send growth factors to epidermal melanocytes, but 
there are no keratinocytes in the eye. 

Studies of the cultured UM in past decades have led to a 
better understanding of the regulation of the growth and 
melanogenesis of UM. However, many aspects of the UM 
still require further investigation. For example, our previous 
report indicates that the pigment epithelium contains mainly 
eumelanin, but that UM contain both eumelanin and 
pheomelanin. The color of the iris may be determined by 
both the amount and the type of melanin. In cultured UM, 
the pheomelanin/eumelanin ratio is higher in actively grow- 
ing cells than in senescent cells (33). The detail of eume- 
lanin/pheomelanin variance in UM from various parts of 
the eye and from eyes with different colors of irides and the 
significance of these findings require further study. 

Secondly, little is known about the metabolic pathways of 
melanin in the eye. We have collaborated with Seth Orlow, 
using immunocytochemical methods to detect various en- 
zymes related to melanogenesis in cultured human UM. 
Most of the known enzymes and substances involved in the 



pathway of melanogenesis have been detected in UM, such 
as tyrosinase, TRP-1, TRP-2, Silver protein and Pink-eye 
diluted protein (unpublished observation). However, UM 
may contain some enzymes that are not present in the skin, 
because in ocular albinism, depigmentation occurs only in 
the eye, not in the skin. 

Lastly, but not of the least importance, is the physiologic 
function of ocular pigment cells. It has been reported that 
the ocular pigment epithelium, mainly the RPE, possesses 
many functions unrelated to melanin, such as phagocytosis 
of the outer segment of photoreceptors, metabolism of 
vitamin A, transport of water and ions, production of 
extracellular matrix, growth factors, cytokines, and neuro- 
trophic factors; these functions are essential for the visual 
process. The RPE also play an important role in the patho- 
genesis of many eye diseases (34, 35). It will be of interest to 
study the functions of the UM and their role in the patho- 
genesis of eye diseases. 
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melanosomes and have not been shown to syn- 
thesize additional pigment granules once they 
have been established prenatally. 

Although dermal melanocytes are not rou- 
tinely present in higher vertebrates, there are 
a few instances where they have been docu- 
mented. For example, dermal melanocytes exist 
in the ears, soles, tail, scrotum, muzzle, and 
genital papilla of rodents 3 - 64 and are prominent 
throughout the PET mouse, 67 where they ap- 
pear to contain relatively large melanosomes. 68 
In humans, continent dermal melanocytes filled 
with melanosomes up to 1 |xm in diameter can 
occur congenitally in the nevus of Ota, 41 the 
blue nevi, 28 and the Mongolian spot. 38 This 
speculation about the potential existence of 
dermal melanocytes in mammals and humans 
strengthens the hypothesis that a post-neural- 
crest emigration control point influences the 
development or suppression of various subpop- 
ulations of melanocytes during embryogenesis. 
Once the melanocytes have established them- 
selves in their target organ, that is, skin, hair, 
or eyes, they remain there for the life of the 
individual. The hair melanocytes may be a 
possible exception to this rule that will be 
addressed later in this article. 

At birth, jrjoiejanocyte.s are .^]Lcs^ljshed in 
the epidermis and transfer melanosomes to ke- 
ratinocytes/^These ; melanocytes remain in the 
basal layer of the epidermis, only rarely 
dividing 31 or migrating away. The quantity of 
melanocytes per area of skin at various body 
sites in the human varies dramatically (about 
. three-fold); however, the ^whole-Hndy average 
.ranges from 800 to 1600/m m 2 . 17 Some oHhe 
morTToffge^tfe^ areas TaYe~ the sun-exposed skin 
and, ironically, the least sun-exposed areas, that 
is, the genitals. The quantity- of melanocytes 
per area deceases 'with age. 17 

Pvdainffielanocytes are also well established 
- fn the^ho™ ins at birth. , 

PiglnehTTyn thesis in these~melanbcyt^ begins 
during late ges^ and by birth,; 

the i' uveal ' mcBnoc^rfiave almost completed 
their quota of melanosomes. However, the 
uvealj)aejajf^y^ 

ac^tive^KGrth. Choroids in chickens at day 
of hatch demonstrate electron-dense reaction 
products in part of the Golgi apparatus and in 
vesicles radiating from it after the tissue has 
been treated by dopa histochemistry for the 
localization of tyrosinase (personal observation). 
In addition, a few stage one premelanosomes 
exist in the perikaryon of uveal melanocytes in 
this early postnatal period. In short order, how- 
ever these active uveal melanocytes will cease 



melanization altogether and remain melanogen- 
ically dormant throughout life. 12 ' 25 - 45 

The cutaneous melanocytes differ dramati- 
cally from the uveal melanocyte in the duration 
of time they are involved in melanization. Me : ; 
lanocytes _of the epidermis are continuously 
synthesizing rm^aWSO^ transferring 
them to keratinocytes throughout life. These 
melanocytes ^'are^ found "exclusively in the basal 
layer of the epidermis; in fact, the ventral side 
of the perikaryon frequently appears to dip 
down into the dermis pendulously while still 
resting on a basement membrane. The den- 
drites of these basal melanocytes reach up in- 
tercellularly through the epidermis to the stra- 
tum spinosum. The melanocyte is loosely 
anchored in this position. Forms of intercellular 
contact with keratinocytes by desmosomes and 
gap junctions, or attachment to the basement 
membrane by hemidesmosomes, do not exist 
in the melanocyte. Also of interest is the ab- 
sence of dermal anchoring fibrils beneath the 
melanocytes proper (G. Moellmann; personal 
communication). Anchoring fibrils, produced by 
dermal fibroblasts, are selectively placed be- 
neath basal epidermal cells, where they connect 
the lamina densa of the basement membrane 
with the collagen fibers deeper in the dermis. 
In all other aspects, however, the basement 
membrane beneath the melanocyte appears 
morphologically normal. Since the melanocyte 
is not riveted into the epidermal complex, one 
wonders whether it can be mobile. However, 
no evidence exists clearly demonstrating that 
the melanocytes migrate around in the epider- 
mis or that their dendrites dynamically weave 
about between the suprabasal keratinocytes. 

Uveal melanocytes are also relatively immo- 
bile~i*irfl^ltroma ofthe' choroid, the iris, and ' 
the I ciliary body. These fully differentiated and 
metabohcally dwmajatjuyeal melanocytes^ con^ 
tam"^umerous melanosomes that fill up the v 
cytoprasTTr'in^ such a congested manner that 
nuclear indentation occasionally results from 
the pressure of the granules (Fig. 1). The mel- i 
anosomes synthesized by the uveal melanocyte 
are predominantly spbfirical^Jiomogenously 
pigmented, andjarge (approximately ^. 8 jun in '? ' 
diimete^r TFese'differ from trie, smaller gran- 
ules produced by the cutaneous melanocytes as 
described below, interestingly, the melano- 
cytes in the leptomeninges of the human 
brain, 19 also of neural crest origin, mimic the 
structural andLdormaney charactefistTcs of the 
uveal melanocytes. The uveal melanocytes also 
contain only ^minimal amount of endoplasmic • 
/'reticulum, CdgLapparatus,. and; mitochondria, 
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ad^nV" P ufTT ° f choroidal melanocyte from a „ 
adul (1-year-old) chicken. Melanosomes are heavily pis . 
mented and spherical to oblong and have an average 
dieter of 0,8 urn. The cytoplasm is congested ™fh 
melanosomes anffhas very few other components. There is 
some rough endoplasmic reticulum (arrL). Scale bar = 



suggesting that these cells on the whole are 

relatively inactive, generating only a smalt 

amount of those products needed exclusively 

tor maintenance. The melanosomes remain 

within the uveal melanocyte and are never 

tnmsferred out of therell. Howeve7~tKiy~do 

denionsTraw-suRle morphologic changes with 
age. 



MELANOSOMAL TRANSFER 

Tranjfer^ meJanosojQi.es to a neighboring 
• j cel IS -ffl? % tj»e main functions of the epidermal 
melanocyte-ItJhas. been. estimated that 36 ke- 
ratmocy^arejfin^edjjy^ingl^hasal melan- 
ocyte^ This sejrvicing_consists ofthe transfer of 
the,, melanocytes luxury pTSoWt, the melano- 
some, into epithelial cells advancing up through 
theepidermis as they differentiate into kerati- 
n^ytes. ATTmiel, these 'transferred melano- 
somes form a cap over the dorsal face of the 
nucleus in the keratinocyte. It has been advo- 
cated for years that the function of the pig- 
mented dendrites of the melanocyte, as well as 
of the melanosomes transferred into keratino- 
cytes, is to shield and protect the genome of 
the proliferating basal epithelial cells from the 
imaging effect of ultraviolet light. Recently it 
has been suggested- that the pigment in both 
the melanocytes and the keratinocytes also acts 
as a scavenger of photogenerated free radicals 
a 8 ain . P^Yenting cellular DNA damage. 57 

In any case, melanosomal relay from the tip 
ofthe melanocyte dendrite to the keratinocyte 
is a process in which slight variations exist 
between ethnic groups. There are only two 
aspects of the melanization process that differ 



The Melanocyte 

among persons of different racial skin color- the 
size of melanosomes and the manner in which 
they are distributed within the recipient kerat- 
inocyte. In contrast, the number and morphol- 
ogy of the melanocytes^; well as their tyrosin- 
ase activity and the number of melanosomes 
they produce are fairly constant among all eth- 
nic groups." There is, however, one summary 
report that suggests that the total number of 
melanosomes per given area mcreasesffrom the 
i '^ S ?i ,0 - e ^"go^d and to the Negroid 
skm.^Mbst of the data in the literature attest 
that in CaucasoLdL .skin, melanosomes are 
smaller, averaging less than 0:8 pri,: 78 and are 
distributed within keratinocytes as membrane- 
bou " d rf c °WP!exes . containing . .approximately 
one-half dozen granules plus small particulate : 
debns. 76 In Negroid skin, melanosomes are 
! sb 8»S f .*H5S -/greater. -than. 0.8 pm) and dis- 
; persed individually throughout the keratino- 
cyte. There is a variation in melanosomal size 
not only between ethnic groups but also within 
an ethnic group. In Negroid keratinocytes, the 
relative size of the melanosomes transferred to 
keratinocytes correlates with the density ofthe 
skin tone; the larger the melanosome trans- 
ferred, the darker the resulting complexion. 79 
The more dispersed and larger granules will 
absorb light more efficiently and thus give the 
skin its darker color. 

It appears that the size ofthe melanosome 
synthesized by the basal melanocyte governs 
the manner in which it is transferred to the 
keratinocyte The most convincing data are de- ^ 
rived from the circumscribed pigmented ma- 
cules that appear in patients treated chronically \ 
with photochemotherapy (PUVA). 69 In these U 
lesions, the melanocytes become relatively hy- 
pertrophic and sometimes cytologically atypical I 
Interesting ultrastructural observations were re- ; 
ported regarding melanosome size and distri- ; 
bution pattern in keratinocytes in the lesion 
versus the adjacent sun-protected normal skin 55 
In the basal keratinocyte, the melanosomes are 
significantly larger in the lesion than in the 
unaffected area. Correlating with this difference 
is the prominent appearance of single melano- 
somes in the lesional keratinocyte as opposed 
to the numerous compound melanosome com- 
plexes in the normal keratinocyte. Other re- 
searchers have shown that the size of the me- 
lanosome determines its distribution pattern in 
the keratinocyte. 78 That is, there is a tendency 
for small melanosomes (less than 0.24 pm) to 
be complexed and for larger ones to be dis- 
persed individually in basal keratinocytes in 
some states of hyperpigmentation in Caucasoid 
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skin. 39 In contrast, Seiji and coworkers 72 have 
stated that the keratinocyte rather than the 
melanocyte controls the morphologic fate of 
transferred melanosomes. These investigators 
have observed that large phagocytosed com- 
partments enter all keratinocytes and subse- 
quently get dispersed singly or as smaller com- 
plexes with a few melanosomes, depending on 
the ethnic group. This suggests that the kerat- 
inocyte controls the distribution of its incorpo- 
rated melanosomes. 72 

It is still unclear whether the melanocyte, 
the keratinocyte, or both is the active partner 
in the process of melanosome transfer. Review 
of the literature suggests that the two cell types 
are equally involved. In co-cultures of epithelial 
cells and melanocytes, it is the latter cell that 
migrates about. The "active" melanocyte will 
also extend its dendrite up against the plasma 
membrane of the epithelial cell, forming a large 
vacuole that eventually pinches off into cyto- 
plasm. 72 On the other hand, when isolated 
keratinocytes are co-cultured with latex beads, 
the latter readily get phagocytized by the "ag- 
gressive" keratinocyte. 84 In addition, cultured 
guinea pig keratinocytes, when incubated in 
medium containing isolated melanosomes, will 
take up small melanosomes extracted from B16 
mouse melanomas as small complexes and con- 
versely will take up large melanosomes ex- 
tracted from B16 mouse hair bulbs singly. 83 
Current work is being done on the skin equiv- 
alent model designed by Eugene Bell. 80 In this 
system, human neonatal melanocytes are 
seeded onto a dermal equivalent before it is 
overgrown by keratinocytes. When this elabo- 
rate culture system is irradiated with ultraviolet 
B, pigment granules transferred into neighbor- 
ing keratinocytes are compartmentalized as 
small clusters. It is hoped that future experi- 
mental manipulations on this system will reveal 
the complete mechanism of pigment transfer. 
However, there is another very intriguing ob- 
servation that was reported by those investiga- 
tors. 80 In the development of their skin equiv- 
alent model, some melanocytes were trapped 
in the dermal component of the system. These 
melanocytes were heavily pigmented and con- 
gested with a large number of melanosomes, 
some being extremely perinuclear. The authors 
speculated that these isolated cells have no 
apparent relation with keratinocytes and there- 
fore no neighboring target that stimulates gran- 
ule discharge. If one were to speculate from 
this result, I would suggest that the melanocytes 
in the uveal tract and the leptomemngesappear 
dormant because they lack the partner that is 



needed to perpetuate the transfer of their gran- 
ules. - • — - - . .. 



MELANOSOME TRANSLOCATION 

Immediately prior to the transfer of melano- 
somes to the keratinocyte, the melanocyte must 
translocate its melanosomes, synthesized within 
its perikaryon, down the dendrites to the site 
of transfer. Intermediate filaments 9 to 10 nm 
in diameter are~u^d^ 
noso'mes out through the dendrites. These fila- 
ments' have been "callecl intermediate filaments 
because their diameter falls between that of 
actin-like filaments (5 to 7 nm) and microtubules 
(25 nm). The role of these intermediate fila- 
ments has been most comprehensively studied 
in association with inducers of pigmentation, 
namely melanocyte-stimulating hormone 
(MSH) and ultraviolet B. Immediate tanning 
(darkening of the skin within'jninutes and up 
to' 3'Tiours after ^x^^ light) 
results in i hyper^ melan- 
ocyte: an elongation of the dendrites plus an 
hter-ease iri'~flTe~num^ trans- 
ferfebTto ^^TF^inocgesT Ultrastructurally, this 
evehTc^respolias to a shift of 10-nm filaments 
from the perinuclear area to the medial areas 
throughout the dendrites. The filaments are 
also closely juxtaposed to the melanosomes, 
suggesting that these 10-nm filaments in human 
melanocytes participate in the elongation of the 
dendrites and the translocation of melanosomes. 
Microtubules, on the other hand, are seen 
mingled with the 10-nm filaments in the peri- 
karyon prior to ultraviolet B exposure. How- 
ever, during ultraviolet B-induced dendritic 
elongation, microtubule reorientation is re- 
stricted to the underside of the plasma mem- 
brane, suggesting that they are responsible for 
the dendrite elongation and not directly for 
melanosomal translocation. 31 

The role of microtubules and 10-nm inter- 
mediate filaments has also been studied exten- 
sively in dermal melanocytes of amphibians 47 53 
and of the teleost fish, 48 with contradictory 
results. Rana pipiens rapidly darkens as a result 
of melanosomal dispersion down dendrites by 
various inducers such as MSH, theophylline, 
and dibutyryl cAMP. This process can be either 
inhibited or reversed after treatment with cy- 
tochalasin B, a mold metabolite that disrupts 
microfilaments. After exposure to cytochalasin 
B, amphibian melanocytes lighten, and their 
melanin granules retract into the perikaryon. 
Microfilaments are no longer apparent ultra- 
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structurally, and thus granule dispersion cannot 
be maintained. Conversely, the process of dis- 
persion is not affected by the microtubule in- 
activators such as colchicine and vinblastine, 
which are plant alkaloids that prevent microtu- 
bule subunit assembly or precipitate tubulin as 
large crystals, respectively. On the other hand, 
the aggregation of melanosomes back into the 
perikaryon is controlled by microtubules in this 
system and can be prevented by pretreatment 
with microtubule disruptors and thus reverse 
translocation. On the other hand, McNiven and 
Porter 48 recently demonstrated that microtu- 
bules are responsible for translocation of pig- 
ment granules both up and down the dendrites 
in melanophores cultured from the teleost fish. 
In this system, the polarity of the microtubules 
confers direction to granule translocation. These 
differences in the control of translocation may 
be attributed to species differences that could 
have evolved as a result of the speed of color 
alteration needed in each species. 
/ Interestingly, a current report has suggested 
that the immediate pigment darkening in hu- 
man skin by ultraviolet A exposure is a passive, 
acellular photochemical reaction. 24 Pigment 
darkening still occurs in the test system even 
at 0°C and after fixation, filament and microtu- 
bule destruction, and continuous freezing and 
thawing. Ironically, the usual fading of the 
immediate pigment darkening does not occur 
in any of the above experimental systems. This 
suggests that only aggregation is an active cel- 
lular process. 



PIGMENT SYNTHESIS WITHIN THE 
MELANOCYTE 

The synthesis of melanosomes for transfer to 
keratinocytes is a bipartite process. The two 

J major components manu/artured by the [melan- 
ocytes are the ,preiueJanpsomai organelle and 
the tyro's^ These two components 

% can. interact, to produqe^o types of pigment 
granules: the brown/black eumelanosome and 
the yellow/red pheomelanosome! the former 
granule is an oval organelle approximately 0.9 
M-m in length ^ and 0.^ jxm in diameter, whereas 

c the 'latter granule is more spherical, with a 
diameter of 0.7 u,m. In most situations, the 

v melanocyte will synthesize one of the two types 
of melanosomes exclusively; however, in the 
agouti mouse, 71 the same melanocyte can switch 
its synthesis from one type of granule to the 
other during a cycle of hair regeneration. 
Both types of premelanosomes have an inter- 



nal matrix of melanofilaments. These filaments 
are arranged in an orderly hexagonal pattern in 
eumelanosomes (Fig. 2) but are very disorgan- 
ized and irregular in the pheomelanosome. The 
matrix is predominantly of glycoprotein, with 
striking molecular differences between the two 
granular types, possibly accounting for their 
structural differences. 37 The premelanosome 
originates as a dilation of the- smooth endo- 
plasmic reticulum (Fig. '2). Some investigators 
have suggested that this reticulum is an imme- 
diate extension of part of the Golgi apparatus 46 
or, more specifically, part of the Golgi-associ- 
ated system of smooth endoplasmic reticulum 
(GERL). 58 

The tyrosinase enzyme also travels through 
the Golgi apparatus. Its polypeptide core is 
tran^atecL by.- rough .. endoplasmic ""re ticulum . 
(RElv-bcund ribosomes and then shuttled 
through the Golgi '"^pparalEuSfer glycosylation. 
Tne more mature enzyme then leaves the trans 
fegJ*TB?e -^.9^-'^PS55tus in coated vesicles 51 
or K£^s|^and ^ migrates to neighboring pre- 
melanosomes iriTtfie perikaryon (Fig. 2). After 
fasfmrof thT^fgd^vesicle"with the premelan- 
osome, melanin synthesis begins. This process 
starts with the dihydroxylation of tyrosine to 
dihydroxyphenylalanine (L-dopa), which is then 
converted to dopa quinone. 40 Both reactions are 
catalyzed by tyrosinase. The first step is pre- 
sumed to be rate limiting. Once dopa accumu- 
lates, it works as a cofactor to accelerate the 
first reaction. 

It has been assumed for years that these two 
reactions were the only enzymatically con- 
trolled steps in melanization. However, recent 
work has identified at least three other control 
points in this process, functionally named do- 
pachrome conversion factor, indole blocking 
factor, and indole conversion factor, the last 
possibly being another function of the tyrosinase 
molecule. 40 - 61 During pheomelanogenesis, cys- 
teine combines with dopa quinone nonenzy- 
matically to yield cysteinyldopa, which is then 
oxidized and incorporated into pheomelanin. 63 
As melanization occurs within either type of 
premelanosome, the melanin polymer is depos- 
ited on the melanofilament in an additive fash- 
ion until the entire organelle becomes homog- 
enously pigmented (Fig. 3). During the initial 
stages of the premelanosomes, vesiculoglobular 
bodies with a diameter of 4 nm can be observed 
in the granule (Fig. 2), predominantly along its 
periphery. The nature of these subunits is still 
unknown; however, it has been suggested that 
they are the tyrosinase-carrying coated vesicles 
that fuse with the premelanosome and invert 
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during incorporation and delivery of the en- 
zyme. 32 - 81 Incubation of melanocytes with L- 
dppa-is-often usedjiistochemicaily to stain sites 
of Junctianal Jyro^nase_lMy;ity: 62 Electron- 
dense reaction product, presumably induced 
melanin, is localized on one or two trans-most 
cis ternae of the Golgi apparatus, in vesicles and 

n r u radiatin S from ». and in some but not 
all of the neighboring premelanosomes (Fig 3) 
This suggests that tyrosinase is functional even 
before it leaves the Golgi apparatus and is 
completely glycosylated. Therefore, in the de 
novo condition, the substrate is not encoun- 



tered by tyrosinase until the enzyme is incor- 
porated into premelanosomes, or the enzyme 
is held in a nonfunctional state bv a svstem not 
resistant to histochemical processing.' 

Many isozymes of tyrosinase have been iden- 
tified in melanoma cells 22 - 59 as well as in normal 
melanocytes."- 2 ° These isozymes, as resolved 
by gel electrophoresis, range, in molecular 
weight from L 65_to 81.2 kD. 22 niTKi£St form 
of tyrosinase is an insoluble molecule that is 
tightly complexed within the melanosome and 
presumed to be the final functional form of the 
enzyme. 22 The smaller forms are all precursors 
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with various amounts of sugar and sialic acid 
residues, which are added sequentially to the 
core polypeptide as it travels through the Golgi 
apparatus. As mentioned in the previous para- 
graph, these less-glycosylated intermediates are 
enzymatically functional. All bands of tyrosi- 
nases isolated from cell extracts onto SDS gels 
will convert L-dopa to melanin when stained 
histochemically with the intermediate sub- 
strate. Also, when melanocytes are fixed, in- 
cubated with dopa, and processed for ultra- 
structural histochemistry, reaction product is 



identified in the Golgi apparatus (Fig. 3). There- 
fore, complete glycosylate of tyrosinase is not 
necessary for the activation of this enzyme. 

It appears, however, that glycosylate of the 
tyrosinase polypeptide is essential for its trans- 
location through the Golgi apparatus to the 
premelanosome. Glycosylation of tyrosinase can 
be inhibited by both glucosamine and tunica- 
niycin. Such treatment results in the absence 
of the higher-molecular-weight forms of tyro- 
sinase 29 and prevents the nascent protein from 
exiting the Golgi apparatus. 50 Such glyco- 
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sylation inhibitors also interfere with the assem- 
bly of melanofilaments in the premelanosome, 30 
verifying that these structures are glycopro- 
teins. That the translocational signal is a prop- 
erty of sugar residues on enzymes has been 
demonstrated in the lysosomal system. 9 ' 21 Man- 
nose residues on lysosomal enzymes are phos- 
phorylated in the Golgi apparatus and then 
bound to a specific membrane receptor as it 
buds off into coated vesicles. The receptor- 
enzyme complex migrates selectively to an en- 
dosome or lysosome, where the enzyme is 
deposited and the receptor recycles back to the 
Golgi apparatus to translocate another lysozyme 
molecule. 9 A receptor for tyrosinase responsible 
for its translocation to the premelanosome has 
yet to be identified. However, the possibility 
exists. Tyrosinase has a large complex of aspar- 
agine-linked sugar chains that include a high- 
mannose type. 59 These mannose residues, or 
other portions of the carbohydrate side chains, 
could denote a signal for the translocation of 
tyrosinase. An alternative or collateral mecha- 
nism for translocation could be acidification. 
More recent evidence shows that the movement 
of membrane organelles in the endocytotic and 
exocytotic pathway may be regulated by their 
relative internal pH. 49 More specifically, the 
trans face of the Golgi apparatus and forming 
secretory vesicles in human fibroblasts are 
acidic and have been postulated to be involved 
in the translocation of fibronectin in human 
fibroblasts. 1 Could this process be extended to 
the melanocyte system, where tyrosinase trans- 
location from the Golgi apparatus, as well as its 
activation within the premelanosome, is coor- 
dinated by pH gradients? It has already been 
suggested that the premelanosome or translo- 
cating vesicles or both are acidic vesicles in 
which tyrosinase activity is suppressed until 
some unidentified process normalizes the pH 
of these compartments. Treating cultures of 
mouse melanoma cells with ionophores that 
collapse the transmembrane pH gradient, such 
as monensin or nigericin, increases tyrosinase 
activity. 70 It is apparent from all these questions 
that the search for the intracellular mechanisms 
controlling melanin synthesis is one of the fron- 
tiers in pigment cell research. 



MELANOCYTES OF THE HAIR 

The melanocytes in regenerating hair can be 
considered a separate population of cells from 
the cutaneous and uveal populations because 
they synthesize melanin intermittently- Unlike 
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the continuous melanization and transfer of 
melanosomes by the cutaneous melanocyte and 
the postnatal dormancy and melanosome reten- 
tion of the uveal melanocyte, the hair melano- 
cyte produces pigment cyclically, during each 
period of active hair growth (as addressed be- 
low). On the other hand, hair melanization is 
functionally similar to skin melanization in that 
these melanocytes produce pigment for transfer 
to the epithelial cells of that particular organ, 
namely skin and hair. The coloration of that 
organ is subsequently determined by the status 
of the transferred pigment (see article by Dr. 
Cline). 

The embryonic development and the archi- 
tecture of a proliferating hair is a slight modifi- 
cation of that seen in the skin. During devel- 
opment of the hair shaft, the epithelial germ, 
originating from basal ectoderm, grows down 
into the dermis at 3 months of gestation. As the 
hair germ cells elongate and form a hair shaft, 
encasing basally a dermal papilla, the dopa- 
positive melanocytes of the skin epidermis co- 
migrate and are randomly distributed in this 
forming structure. Not until 6 months of ges- 
tation, when the eventual complete bulbous 
peg stage is formed, do the melanocytes pref- 
erentially exist in the outermost epithelial layer 
immediately capping the dermal papillae. 52 As 
in the skin, hair melanocytes end up on the 
basement membrane, unanchored by desmo- 
somes and tonofllaments, and extend dendrites 
toward the cortical cells (Fig. 4A) to which 
melanosomes are transferred as the cortical cells 
migrate out of the germinal layer to the hair 
shaft proper. 54 However, in the basal epithelial 
layer, there is a one-to-one ratio of melanocytes 
to hair epithelial cells as opposed to the pre- 
dominance of basal epithelial cells over melan- 
ocytes ocurring in the skin. 

Melanosomal transfer appears to resemble 
initially the process occurring in Caucasoid skin 
in which packets of granules are transferred. 
Mottaz and Zelickson 54 have demonstrated that 
portions of dendritic processes are phagocytized 
by the cortical cells of the hair. These internal- 
ized granules stay in these membrane-bound 
complexes for a very short time until the mem- 
brane breaks down and the melanosomes get 
dispersed throughout the cortical cell (Fig. 

4B). 54 . . 

The bipartite system of melanin synthesis 
described earlier for cutaneous and ocular me- 
lanocytes also takes place in the hair melanocyte 
(Fig. 4C). 36 However, there is one ultrastruc- 
tural difference. In the hair, the morphologic 
difference between the eumelanosomes of 
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Figure 4. Melanization of hair bulbs during the anagen growth 
stage in a C57BL mouse. A, Light micrograph of regenerating 
hair bulb; mitotic epithelial cells (arrow) proliferate at the base 
of the bulb, migrate up the shaft, and receive pigment from 
melanocytes (arrowhead). Note cortical cells in which the trans- 
ferred pigment caps the apical surface of the nuclei (asterisk). 
Scale bar = 40 u,m. B, Low-power electron micrograph of hair 
bulb with numerous active melanocytes (m) residing on the 
dermal papilla/epidermal junction (arrowhead) and neighboring 
epithelial cortical cells (e), which have received melanosomes. 
Note that transferred melanosomes are distributed singly and in 
membrane-bound complexes (arrow) within epithelial cells (dp 
= dermal papilla). Scale bar = 2.44 p.m. 

Illustration continued on following page 
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Figure 4. Continued. C, High-power electron micrograph of the perikaryon in a hair melanocyte. This area has a half- 
dozen stacks of Colgi apparatus and numerous melanosomes in various stages of melantzation; that is, premelanosomes (1) 
and partially melanized (2) and completely melanized (3) eumelanosomes in cross (a) and longitudinal (b) section. Scale bar 
= 0.27 jim. 



black/brown/blond hair and the pheomelano- 
somes of red hair is not clearly distinguishable 
in hair from mice as they are in either the skin 11 
33 or feathers. 10 Eumelanosomes produced by 
the hair melanocytes are indeed ellipsoidal in 
conformation, and the extent of melanin depo- 
sition on the melanofilaments correlates with 
hair color; that is, deposition decreases from 
black to brown to blond. In addition, the initial 
pheomelanosome synthesized by the melano- 
cyte is ellipsoidal like the eumelanosome. 77 It 
is not until its transfer into the cortical cell that 
it conforms to the typical pheomelanosome 



shape, which is spherical, with irregular and 
partially pigmented melanofilaments. 4 

Hair growth is a cyclic process that has been 
categorized into three stages: the anagen or 
proliferation stage, the catagen or termination 
stage, and the telogen or quiescent stage. In 
the scalp, the first two stages combined last 
1000 days, whereas the resting telogen stage 
lasts 100 days. 60 Hair melanocytes synthesize 
pigment only during the anagen stage of 
growth. It has not been definitively demon- 
strated what happens to these melanocytes dur- 
ing the autolytic involutionary events of catagen 
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and during the telogen stage. In fact, during 
the telogen stage, the dormant hair is secured 
immediately below the epidermal-dermal junc- 
tion, and the dermal papilla and remnants of 
the epithelium from the hair retract from the 
hair shaft and reside in the deeper area of the 
dermis. During the next cycle of hair regener- 
ation, these few remaining epithelial cells pro- 
liferate and form a new hair bulb. It has been 
proposed that the melanocytes stop pigment 
production at the onset of catagen, and that 
some or all of the melanocytes remain in the 
epithelial germ cap as it retracts with the dermal 
papilla during telogen. Upon the subsequent 
round of hair growth, the melanoblast reacti- 
vates or proliferates to supply the pigmentation 
for the next hair. 

Electron microscopic analysis of this process 
has demonstrated that melanocytes, identified 
as cells with a few small premelanosomes, do 
exist in the epithelial collar during catagen and 
in the hair germs during telogen. 74 It has been 
suggested that these melanocytes dedifferen- 
tiate during telogen, are reactivated in the 
subsequent anagen, and keep recycling until 
they are shed with a hair shaft prior to graying. 73 
An alternative would be the existence of a 
reserve pool of neural crest-derived melano- 
blasts from which new melanocytes are pro- 
vided with each hair growth cycle while the 
previous melanocyte populations are shed with 
the hair. This process is presumed to occur 
during the pigmentation of avian feathers. 13 In 
these animals, an inconspicuous population of 
melanoblasts resides in the dermis immediately 
outside the feather follicle. As each round of 
feather synthesis occurs, a portion of these stem 
melanoblasts migrates to the feather epithe- 
lium, 65 proliferates, synthesizes melanosomes, 
and transfers granules to feather epithelial cells. 
At the end of feather regeneration, the melan- 
ocytes become incorporated into the keratinized 
structure 8 and are shed with the feather during 
its molt. Graying or vitiligo-like amelanosis or 
both results when these melanoblasts are ex- 
hausted, prevented from migrating, or immu- 
nologically eliminated. Whether such a system 
is present in mammalian hair has yet to be 
shown. 



SUMMARY 

I would like to stress that there seem to be 
three subpopulations of neural crest-derived 
melanocytes in the body that can be functionally 
and morphologically distinguished: the cuta- 
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neous melanocytes, which continuously synthe- 
size small melanbTome^ 
kerafinocytes; the_ u veal melanocytes, which 
synthesize larger, melanosomes for only a short 
wjiile to be retained by this , m elan ogenically 
dbrmant cell; and the hair melanocyte, which 
"intehrrittently produces melanin either in a 
cyclic man nef b supply, from a 

sj^"popifflaBonT These three types of melano- 
cytes synthesize melanin granules by an iden- 
tical bipartite system. However, the control 
mechanism regulating the specific differentia- 
tion and postmelanin synthesis function of these 
cell types needs to be addressed in future 
research. 
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the melanocytes in the leptomeninges differs from the dark pig- 
ment found within neurons throughout the brain. The latter is 
classified as neuromelanin and is thought to be an auto-oxida- 
tive product(s) of dopamine generated by the neuronal synthe- 
sized tyrosine hydroxylase molecule (see Breathnach, 1988; 
Enochs et al, 1993, 1994; Odh et al, 1994; Zecca et al, 1992; 
see also Chapter 25). The function of the melanocytes confined 
to the leptomeninges is not clear. It has been speculated that 
these melanocytes may be affected in patients with severe vi- 
tiligo (i.e., the Vogt-Koyanagi-Harada syndrome) and that their 
loss may correlate with the aseptic meningitis component of 
this syndrome (Goldgeier et al, 1984; Nordlund et al, 1980). 

Melanocytes in the harderian gland 

The harderian gland is a secretory structure located at the me- 
dial back of the optic orbit with a duct that connects it to the 
nictitating membrane of the eyelid (Payne, 1994). It exists in all 
groups of terrestrial vertebrates but is absent in some types of 
mammals (i.e., bats, cows and horses), terrestrial carnivores, 
and higher primates including humans. Structurally, the gland 
is composed of tubules of simple, columnar epithelial cells sur- 
rounded by myoepithelial cells and it primarily synthesizes 
lipids, porphyrins, and indoles. Many putative and diverse 
functions have been hypothesized for this secretory gland 
(Payne, 1994). Melanocytes have been identified in the harder- 
ian glands of mice (Shirama et al, 1988), gerbils (Johnston et 
al, 1983), and frogs (Di Matteo et al, 1989). These melano- 
cytes are primarily localized throughout the connective tissue 
capsule surrounding the harderian gland and intermittently 
among the connective tissue septa invaginations into the gland 
that separate the stroma into lobules (Fig. 4-6). Like the mela- 
nocytes of the leptomeninges, the melanocytes in the harderian 
gland of an adult animal are multidendritic, melanogenically 
silent, and congested with fully pigmented melanosomes 
(Fig. 4-6). Harderian glands ultrastructurally observed from the 
murine hypopigmented mutants ruby eye (Ru/Ru) and dilute 
(di/di) exhibited relatively fewer melanocytes with a dramatic 
reduction in melanosomes distributed throughout the cytoplasm 
(R.E. Boissy & K. Moore, unpublished observations). The 
function of melanocytes in the harderian gland is unknown and 
no dysfunction in any of the putative roles of the gland has been 
reported in association with the various murine hypopigmen- 
tary mutants. 

Melanocytes in mesenchymal tissues 

There have been a few reports of melanocytes distributed 
throughout internal body sites, most notably related to the PET 
mouse (Reams, 1963) and the Silkie chicken (Stolle, 1968). 

In the PET mouse, melanocytes appearing multidendritic, heav- 
ily pigmented, and inactive are distributed throughout the connec- 
tive tissues of multiple sites in the body cavity including cartilage, 
bone, serosae, lungs, heart, gonads, etc. (Nichols & Reams, 1960; 
Rovee & Reams, 1964). The specific genetics of this undefined 
strain of mouse has not been clearly described, however, the in- 
heritance of the mesenchymal pigmentation in the PET mouse 
appears to have been autosomal recessive in nature (Mayer & 
Reams, 1962; Reams, 1967). 

In the Silkie chicken, melanocytes have been identified in the 
loose connective tissue throughout the body and associated 
with the connective tissue coverings of cartilage (perichon- 
drium) and bone (periostium). In addition, melanocytes are 
prevalent in the gonads, lungs, thymus gland, thyroid gland, 



spinal ganglia, and gray matter of the spinal cord but absent 
from the liver, pancreas, and spleen (Hallet & Ferrand, 1984; 
Makita & Mochizuki, 1984; Makita & Tsuzuki, 1986; Stolle, 
1968). This mesenchymal distribution of melanocytes is pri- 
marily the result of an autosomal dominant gene (P) which can 
be intensified by a sex-linked recessive gene (d) (Stolle, 1968). 
Current analysis of the migration pathway of neural crest- 
derived melanoblasts in Silkie embryos has demonstrated that 
these precursors are not restricted to the dorsolateral pathway as 
in normal development but also aberrantly migrate through 
the ventral pathway (Reedy & Erickson, 1995). This genetically 
controlled diversion of melanoblast migration appears to be un- 
der cues extrinsic to this neural crest derivative (Hallet & Fer- 
rand, 1984) (see Chapter 5). 



PERSPECTIVES 

Extracutaneous melanocytes found in the eye, ear, and various 
internal body structures are distinct as a whole from epidermal 
melanocytes in that (7) they synthesize melanosomes and mela- 
nin only during a short interval after arriving in their target tis- 
sue, and (2) they retain their melanosomes throughout the life 
of the organism instead of transferring them to neighboring 
cells. The general morphology and ultrastructure of these extra- 
cutaneous melanocytes and the specific variations that exist 
among them have been well documented in the literature. How- 
ever, the role of these morphologically dormant melanocytes in 
their respective tissues has primarily been ascertained anecdo- 
tally to date. Fortunately, experimental analysis investigating 
the function of extracutaneous melanocytes is beginning to 
make a reappearance in the scientific literature. The advent of 
molecular genetic technology and its combination with cellular 
and physiological approaches will help resolve the elusive 
function of these relatively ignored populations of melanocytes 
which have been retained throughout evolution. 



Summary 

1 . Melanocytes that occur in ocular tissue are subdivided into two 
categories, uveal melanocytes (found in the stroma of the choroid, 
ciliary bodies, and iris) and retinal pigment epithelium (RPE) me- 
lanocytes. During embryogenesis, uveal melanocytes are derived 
from neural crest cells that emigrate from the neural tube and migrate 
to the developing eye tissue, whereas RPE melanocytes differentiate 
de novo from a cephalic portion of the neural tube that forms the neural 
retina. 

2. Uveal and RPE melanocytes differ structurally from each other. 
Uveal melanocytes are multidendritic and synthesize melanosomes rel- 
atively similar in shape. RPE melanocytes are highly polarized in 
structure and synthesize melanosomes with variable shape. Both cate- 
gories of melanocytes complete the process of melanization shortly af- 
ter birth and are melanogenically silent throughout the remaining life 
of the organism. 

3. Ocular melanocytes appear essential for the complete develop- 
ment of both the neural retina and the neuronal network to the visual 
center of the brain as exemplified in piebaldism/microphthalmia and al- 
binism, respectively. Ocular melanocytes and the melanin they contain 
function to absorb incident light that passes through the photoreceptor 
cells, transfer nutrients and wastes between the retina and the vascular 
system of the eye, and phagocytize the outer segments of the photore- 
ceptor cells as they are shed. 
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Uveal melanoma is the most frequent primary ma- 
lignant intraocular tumor of adults but represents 
only 3% of all melanoma. 13 ' 77 Despite numerous epi- 
demiological studies the etiology of uveal melanoma 
remains obscure. 13 Among various host factors that 
have been identified to render predisposition, race 
seems to be the most significant, as uveal melanoma 
is about 150 times more common in white than in 
black individuals. 13 ' 23 ' 77 In addition, uveal melanoma 
is less common in Asians. 6 ' 36 ' 42 Among the Caucasian 
race light skin color, 22 ' 57 blond hair, 17 and blue 
eyes,' 17 ' 22 ' 32,38,57 ' 65,85 * re specific risk factors. The racial 
predisposition to uveal melanoma has been explained 



on the basis of susceptibility of Caucasian race to 
oncogenic effects of sunlight. 

There is strong epidemiologic evidence linking in- 
creased exposure to sunlight with increasing inci- 
dence of skin melanoma* The incidence of skin 
melanoma is much higher in white individuals 
than in those with darker skin color. In the United 
States, the incidence is 10 times greater in Caucasians 
than in black individuals. 59 The epidemiologic evi- 
dence is further corroborated by the biologic ev- 
idence of ultraviolet light induced DNA damage in 
the pathogenesis of skin melanoma. 

Altough there is ample evidence in support of sun- 
light exposure in regard to pathogenesis of skin 
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SUNLIGHT EXPOSURE AND UVEAL MELANOMA 

exerts a photo-protective role by 
and reactive oxygen species generated b> ohe nterac 
tion of UV light and membrane lipids. Within cells^ 
U m °danin is distributed in supranuclear 
tects the underlying nucleus from UV light injury. 

Cornea 

The cornea effectively filters UV light below -295 
nn T and transmits most UV-A and UV-B light. WiA 
Creasing age there is reduction in percent transmis- 
Z of Ughf through cornea across the visible and 
W "light 8 spectrum e but the decline in transmission 

of UV-A light and UV-B light is most pronounced 

(Fig. 2). 7 ' 44 

Lens 

The lens also acts as a filter of UV light for wave- 
J£ns between SCO nm and 400 nm. However^ 
here is a small uansmissibn window around 320 nm 
^ closes around 10 years of age due to progressive 
accumulation of lenticular chromatophores- in 

earlv childhood the lens transmits about 75% of UV 
5, which declines to less than 20% by 80 years of 
age (Fig. 3). 45 

Retinal Pigment Epithelium 

About 30% of remaining UV light is absorbed by 
JtSS Pigment epithelium before — g 
upon the choroidal melanocytes (Fig. 4). Ihe 
posterior pole of the eye , which is exposed maximally 

retinal pigmented epithelial cells and thus provides 
the greatest amount of absorpuon. 
SITES OF UVEAL MELANOMA ORIGIN 

In an attempt to analyze patterns of tumor initia- 
' tion ration to the inlaocular light distnbuuon, 
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a study was conducted where the tumor initiation site 
wL dinned as the intersection of the largest tumor 
diameter and the largest perpendicular diameter of 
Z "um r The "initiation sites" were recorded using 
*hS coordinates 46 Findings suggested that the 
Ite of tumor origin was not uniformly distributed 
n the choroid witii predilection for macular region^ 
Moreover, the density of occurrence decked Pro- 
gressively with increasing distance from the macule 
The distribution of tumor origin correlated W th *e 
dose distribution of solar irradianon on the reunal 
sphere 46 These findings contradict a previous report 
fwntch the distribution of tumors in the choroid 
was randomly distributed. . r - d 

Even if the site of tumor origin m the choroid 
correlates with the distribution of solar light on the 
retinal sphere, this model fails to explain the occur- 
rence of Melanoma in the ciliary body as only negl^- 
ble amount of the UV light reaches this part of the 
uvea. 

Epidemiological Studies 

The relationship of sunlight and UV light exposure 
and occurrence of uveal melanoma has been evalu- 
Zd in a few case-control studies (Tables 1 and 2) . 
The case-control studies have inherent methodologi- 
S Unions as such studies rely on questionnaues 
about lifestyle and exposures that occurred many 
£E befor! the onset of disease (in this ^ 
melanoma) and are subject to recall bias. Reca bias 
probably occurs because persons with a given disease 
are prone to think about and reflect on the cause of 
^condition much more than persons unaffec ed 
by Sie disease. Patients may also be more familiar 
with unproven hypotheses (such as UV light and cau- 
^don of uveal melanoma) than indwiduals >n the 
general population who do not have the disease. 
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TABLE 1 

Summary of R esults from Case Control Studies Evaluating Risk Factors in Uveal Melanoma 

Risk Factors 



Significant 



pj rst Number 
Author Year Region of Cases 



Positive 
Correlation 



Gallagher 17 1985 Western Provinces 
(Canada) 



Tucker 85 1985 United States 



Seddon 75 1990 New England 

(United States) 



Holly 26 1990 Western 

(United States) 



Pane 57 2000 Queensland 
(Australia) 



Vadjic 89 2002 Australia 



197 



407 



125 



Negative 
Correlation 



90 Red/Blonde Hair Color 
(OR = 7.7, p = 0.03) 
Indoor Workers 

(OR = 3.5, p = 0.006) 
Blue Eyes 

(OR = 3.0, p = 0.04) 
444 Born in South 

(OR = 2.7 [1.3-5.9]) 
Sunbathing 

(OR = 1.5 [0.9-2.3]) 
Use of Sunlamps 

(OR = 2.1 [0.3-17.9]) 
Northern European 
Ancestry 

(OR =6.5 [1.9-22.4]) 
Light Skin Color 

(OR = 3.8 [1.1-12.6]) 
Use of Sunlamps 

(OR = 3.4 [1.1-10]) 
Sun Exposure 

(OR = 1.7 [0.9-3.0]) 
Welding Burn/Snow 
Blindness 

(OR = 7.2, p < 0.001) 
Light Colored Eyes 

(OR = 2.5,p < 0.001) 
Exposure to UV light 

(OR = 3.7, p = 0.003) 
Tendency to Sunburn 

(OR = 1.8, p< 0.001) 
History of Skin Melanoma 
(OR = 2.42 [0.88-6.62]) 
Family History of 
Ocular Melanoma 
(OR = 6.89 [0.70-67.38]) 



290 Outdoors Activity 

(OR =1.8 [1.1-2.8]) 3 



Brown Eyes 



Insignificant 

Sunlight Exposure 
Tanning Ability 



Complexion 
Hair Color 



Outdoor Activity 
Born in South 



Dark Skin Color 
Brown Eye 
Resistance to 

Sunburn 
Wearing 

Prescription 

Glasses 



Wearing Sunglasses 
Lifetime Ocular 
UV-B Exposure 



OR = Odds ratio [95% Confidence Interval]. . 

*Sun exposure was an independent risk factor for choroid and ciliary body melanoma but not »ns or conjunctival 

melanomas. 



the group using electric arc welding. 22 A larger study 
from France, which analyzed 412 patients with uveal 
melanoma, found no statistically significant associa- 
tion with occupation. 90 In a detailed case-control 
study of 197 uveal melanoma patients, in which sub- 
jects and controls were interviewed regarding occu- 
pational history and ultraviolet light exposure, no 
positive associations were reported. At present, there 
is no consistent evidence indicating occupational UV 
light exposure as a risk factor for uveal melanoma. 



INCIDENCE OF UVEAL MELANOMA 
Temporal Stability 

The mean age-adjusted incidence of uveal mela- 
noma of 4.3 per million/year was reported based on 
a systematic review of the Surveillance, Epidemiology, 
and End Result (SEER) program database of the 
United States. 77 The age-adjusted annual incidence 
rate of uveal melanoma in the United States has 
remained stable from 1973 to 1997. In Sweden, the 
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TABLE 3 



First Author 



Period 



^^^r^P^^ B^arts on Incidence of Uveal Melano ma 
— Definition 



Region 



Incidence Rate/Per Million 



_76 



Mork 54 

32 

Jensen 

Ganley 18 

Scotto 74 

Raivio 

Shammas 

Davidorf 

Wilkes 94 

Birdsell 5 

Strickland 80 

Kaneko 36 

Abrahamsson 

Swerdlow 82 

Swerdlow 81 

Gislason 21 

Lommatzsch 

Teikari 83 

Egan* 

Iscovich 31 

Vidal 90 

Margo 48 

Bergman 4 

Sin S h77 88 

Kricker 88 



1953-1960 
1943-1952 
1956-1965 
1969-1971 
1953-1973 

1960- 1971 
1967-1977 
1935-1974 
1967-1977 
1950-1974 
1977-1979 
1956-1975 
1952-1978 
1962-1977 
1955-1979 

1961- 1980 
1973-1980 

1984 
1961-1989 

1992 
1981-1983 
1960-1989 
1973-1997 
1996-1998 



Norway 
Denmark 
Maryland (US) 
United States 
Finland 
Iowa (US) 
Ohio (US) 
Rochester (US) 
Alberta (Canada) 
Connecticut (US) 
Japan 

Halland (Sweden) 

Oxford (UK) 

England (UK) 

Iceland 

East Germany 

Finland 

New England (US) 
Israel 
France 
Florida(US) 
Sweden 
United States 
Australia 



Ocular melanoma 

Uveal melanoma 

Choroidal melanoma 

Eye melanoma 

Cbd+ choroid 

Cbd+ choroid 

Choroidal melanoma 

Uveal melanoma 

Eye melanoma 

Eye melanoma 

Uveal melanoma 

Cbd+ choroid 

Ocular melanoma 
Ocular melanoma 
Cbd+ choroid 
Eye melanoma 
Cbd+ choroid 
Uveal melanoma 
Cbd + Choroid 
Uveal melanoma 
Uveal melanoma 
Uveal melanoma 
Uveal melanoma 
Choroidal melanoma 



9.0 
7.4 
6.6 
5.6 
5.3 

4.9 (White) 
10.9 (White adults) 
7.0 
6.0 

9.0 (Male), 8.0 (Female) 

0.3 

7.2 

4.8 (Male), 3.9 (Female) 
7.2 (Male), 5.7 (Female) 
7.0 (Male), 5.0 (Female) 

10.0 
7.6 
6.9 

5.7 (Jews) 

7.0 

5.6 

,9.4 (Male), 8.8 (Female) 

4.9 (Male), 3.7 (Female) 
11.0 (Male), 7.8 (Female) 
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Biological Variants 

XERODERMA PIGMENTOSUM 

Xeroderma pigmentosum is an autosomal reces- 
sive precancerous disorder due to defective nucleo- 
tide excision repair mechanism. The nucleotide 
excision repair mechanism specifically protects 
against mutations caused by environmental carcino- 
gens such as UV light. Xeroderma pigmentosum 
serves as a model for ultraviolet light-induced 

carcinogenesis. 1 ^ . 

In a review of published descnpuons of 830 pa- 
tients with xeroderma pigmentosum, 45% of the 
patients had basal cell carcinoma or squamous cell 
carcinoma of the skin and 5% of the patients had 
cutaneous melanoma. 40 ' 41 The ocular neoplasms in 
xeroderma pigmentosum are of ■^'V'""" 
cell type rather than uveal melanoma. 3 ' 35 ' 41 If sunlight 
had a major role in pathogenesis of uveal melanoma 
or if xeroderma pigmentosum was a genetic predis- 
posing factor, 78 more cases of uveal melanoma in 
xeroderma pigmentosum would be expected. 

ALBINISM 

Patients with albinism are extremely sensitive to 
ultraviolet light due to lack of protective melanin. 



Such patients are susceptible to frequent occurrences 
of squamous cell carcinomas and basal cell carci- 
noma 27 At least two cases of uveal melanoma in al- 
binism have been reported. One occurred in the 
nonpigmented choroid of a tyrosinase-posiuve oculo- 
cutaneous albino, 9 and the other in an African-Amer- 
ican albino 37 Given the frequency of Albinism and 
the paucity of case reports with uveal melanoma, 
UV light would appear to have limited role in the 
pathogenesis of uveal melanoma. 

Oncogenicity of Ultraviolet Light 

The incidence of cutaneous melanoma has inr 
creased about 15 times over the last 60 years. 
There is strong epidemiological evidence that in- 
crease in the incidence of cutaneous" melanoma is 
related to excessive intermittent exposure to the 
sunlight. A systematic review of published case-con- 
trol studies revealed a significant positive asso- 
ciation (OR = 1.71) for intermittent sun exposure 
but a weaker association for total sun exposure 
(OR - 1.1 8). 14 Exposure to high levels of sunlight 
in childhood may be more carcinogenic than sun 
exposure in adulthood. 92 Primary carcinogenic effect 
of sunlight is attributed to UV-B light (280-320 nm) 
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Incidence of Uveal Melanoma in Sweden from 
I960 to 1998 

Loiiise Bergman, 1 Stefan Seregard, 1 Bo Nilsson, 2 Ulrik Ringborg, 2 Goran Lundell 2 and 
Boel Ragnarsson-Olding 2 




Purpose. To investigate the incidence of uveal melanoma in 
Sweden during the period from I960 to 1998, with respect to 
age distribution, gender, and changes in incidence over time. 
Methods. The Swedish Cancer Registry was searched for 
patients with uveal melanoma and cross-checked against hos- 
pital files over patients where an eye-sparing treatment had 
been applied, to ensure inclusion in the Registry even when no 
histologic specimen was available. The crude and age-standard- 
ized incidence was estimated separately for each gender. The 
Swedish population of 1970 to 1974 was used as a standard, 
and the annual change in incidence was calculated by using a 
regression model with logarithmic incidence numbers. 
Results. In total, 2997 patients met the criteria, of whom 1542 
were males and 1455 females. During the 39-y ear period, the 
age-standardized incidence of uveal melanoma declined signif- 
icantly in the male population, from 11.7 cases/million to 8.4 
cases/million (P = 0.002). The trend toward reduced inci- 
dence in females, from 10.3 to 8.7 cases/million did not reach 
statistical significance (P = 0.108). The annual relative change 
in incidence was 1% (95% CI, 0.8%- 1.2%) in males and 0.7% 
(95% CI, 0%-1.3%) in females. The age-specific incidence re- 
vealed a significantly higher incidence among men older than 
45 years (23.5 cases/million) compared with the incidence in 
women of the same age group (19-2 cases/million; P < 0.001). 

Conclusions. A Swedish national survey performed to establish 
the incidence of uveal melanoma during the period from I960 
to 1998 revealed a decreasing incidence in the male and a 
stable incidence in the female population. (Invest Ophthalmol 
Vis Set 2002;43:2579-2583) 

The eye is the second most common site of malignant 
melanoma, (5 2%), as documented in a summary of more 
than 84,000 cases of melanoma from the U.S. National Cancer 
Data Base. 1 Uveal melanoma accounts for 85% of ocular mela- 
nomas and is by far the most common primary intraocular 
malignancy in the population older than 15 years. 2 The annual 
incidence in Scandinavia has previously been reported stable at 
approximately 5.0 to 7.5 cases/million inhabitants. 3 " 9 The in- 
cidence in populations with fair complexion and light iris color 
is likely to be high, because these features are considered 
strong risk factors for uveal melanoma. 1011 
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In Israel, where the phenotypes of Jewish immigrants from 
many countries are exceptionally heterogeneous, significant 
differences mark the incidence of uveal melanoma among the 
individual subpopulations. The highest incidence, 7 5 cases/ 
million occurs in Jews of European-American origin, whereas 
the lowest incidence, 1.6 to 2.8 cases/million has been esti- 
mated in Jews born in Africa or Asia. 12 The incidence rate in 
Israelis was later reported to be stable and was no higher in 
descendants of high-risk subpopulations, despite their having 
been reared in an environment with more exposure to ultra- 
violet (UV) light. 13 

Because the incidence of cutaneous melanoma in the Swed- 
ish population has increased considerably during the past sev- 
eral decades, we wanted to investigate and clarify the inci- 
dence pattern of uveal melanoma in Sweden, based on data 
from a nationwide and population-based registry. 

Materials and Methods 

The Swedish National Cancer Registry, founded in 1958, receives 
reports when a malignant disease is diagnosed. Compulsory dual reg- 
istration from the clinician and pathologist<ytologist ensures inclu- 
sion. Each patient is identified through a unique national registration 
number, and the registry is estimated to include more than 95% of all 
cases of cancer in the country. 14 

The research protocol for the present study was approved by the 
Human Ethics Committee at the Karolinska Institute, in accordance 
with the statutes of the World Medical Association's Declaration of 
Helsinki. Files from the Swedish Cancer Registry during the period 
from I960 to 1998 15 were searched for patients with intraocular 
melanoma, using both the International Classifications of Diseases, 
Seventh Revision GCD-7) code and the Systematized Nomenclature of 
Medicine (SNOMED) code. In the instances in which an eye-sparing 
treatment had been applied, the data files were double-checked against 
hospital files covering all patients treated with radioactive plaques, 
along with the records from a small group of patients who received 
proton beam irradiation. These treatment modalities were the only 
alternatives to local resection or enucleation during the investigation 
period. The eye-sparing treatments were centralized in two university 
clinics in Sweden. 

The search of hospital files revealed 140 patients treated for uveal 
melanoma who were not included in the original files from the Cancer 
Registry. Therefore, the noninclusion rate was 4.7%. The missing cases 
were included in the database of the present study and reported to the 
Cancer Registry. The database thus revealed 2997 cases of uveal mel- 
anoma, including melanomas of the iris, ciliary body, and choroid. 

Each gender was analyzed separately, and the patients were divided 
into eight age groups, each spanning 10 years, except the youngest 
(0-24 years) and the oldest (>85 years) age groups. The analysis over 
time was performed for 5-year periods from i960, except the period 
from 1995 to 1998. 

Files from the National Central Bureau of Statistics 16 including 
records from the Swedish population censuses of I960 through 1998 
and immigration statistics were used. Before 1970, the statistics were 
incomplete regarding the age distribution and gender of immigrants 
and so did not permit analysis for the period I960 to 1969. The country 
of birth was not specified until 1980. Previously, only the original 
citizenship was noted in the files. For this study we accepted patients' 
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Table 1. Stratum Weights of the Swedish Population during the 
Period 1970 to 1974 



Age Groups (y) 


Males 


Females 


0-24 


0.36 


0.34 


25-34 


0.15 


0.14 


35-44 


0.11 


0.11 


45-54 


0.13 


0.13 


55-64 


0.12 


0.12 


65-74 


0.08 


0.10 


75-84 


0.04 


0.05 


>85 


0.01 


0.01 



original citizenship as an estimate of birthplace when calculating the 
proportion of immigrants in the Swedish population before 1980. 

An overall crude and age-standardized incidence rate in the total 
Swedish population was calculated, and the genders were further 
analyzed separately. Age-standardization on incidence numbers over 
the study period was performed by a direct method, with the Swedish 
population during the period 1970 to 1974 taken as a standard, ac- 
cording to the stratum weights shown in Table 1. The relative change 
in incidence over the 39-year period was calculated by linear regres- 
sion after logarithmic transformation of incidence data. The annual 
change was expressed as a percentage with 95% confidence intervals. 
The level for statistical significance was set at a P :£ 0.05. The proba- 
bilities were corrected with the Bonferroni adjustment when subgroup 
comparisons were made. 

The number of immigrants to Sweden born outside Europe was 
estimated for the years 1970, 1980, 1990, and 1998. In the calculations 
the extreme value of null incidence of uveal melanoma was set for this 
subpopulation. The influence of immigrants on the incidence of uveal 
melanoma for each gender was estimated by using the crude incidence 
numbers in the Swedish population of 1970, 1980, 1990, and 1998. 
These incidence numbers were then compared with the estimated 
incidence in the population when the immigrants were excluded. The 
crude incidence numbers in the Swedish population were expressed 
with 95% confidence intervals. Data were processed with statistical- 
analysis software (SPSS, ver. 10.0; SPSS Inc., Chicago, IL). 

To compare the average density of uveal melanoma per ocular area 
unit in relationship with that of cutaneous melanoma the total uveal 
area of both eyes was estimated. According to the 0.5 mm shorter 
average axial length in females, the uveal area was estimated to be 34 
cm 2 in males and 33 cm 2 in females. 17,1 8 The mean body surface area 
has previously been found to be 1.9 m 2 in men and 1.7 m 2 in women. 19 
During the investigation period specified (1960-1998) 17,090 and 
18,334 cases of cutaneous melanoma were diagnosed in the male and 
female Swedish population, respectively, 15 and the ratios of uveal 
versus cutaneous melanomas per surface unit consequently could 
therefore be calculated. 

Results 

During the period I960 to 1998 a total of 2997 patients with 
uveal melanoma was reported to the Swedish National Cancer 
Registry. Of these patients, 1542 were males and 1455 females 
(male-female ratio, 1.06). The males' ages ranged from 11 to 94 
years, and the females' from 8 to 95 years. In the group 
younger than 25 years, there were 10 females and 8 males, but 
only three were younger than 15 years (two girls, aged 8 and 
10 years, and a boy aged 11 years). Judging from the crude 
incidence shown in Figure 1, it appears that uveal melanoma 
was an extremely uncommon disease in the young population, 
with an age-specific incidence (Fig. 2) of 0.1 and 0.2 male and 
female cases/million, respectively, in the age group of less than 
25 years. In the 25- to 34-year age group the incidence was low 
(1.7 cases/million for both genders), but in the population of 
35- to 44-year-olds, the incidence increased to 4.0 and 5.6 
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Figure 1. The age distribution of incidence of uveal melanoma in the 
male and female Swedish population during the period from I960 to 
1998, based on reports in the Swedish Cancer Registry. 



cases/million, respectively. The age distribution revealed that 
the peak incidence appeared in a slightly earlier age group in 
females (65-74 years; 26.5 cases/rnillion) compared with 
males, in which the maximum incidence (36.6 cases/ million) 
occurred in the 75- to 84-year age group. The difference in 
crude incidence between genders in the age groups older than 
45 years was statistically significant, with the male incidence 

4Q 
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Age group 

Figure 2. Age-specific incidence rates of uveal melanoma in the male 
and female populations of Sweden during the period from I960 to 
1998. In the age groups older than 45 years, a statistically significant 
male predominance was observed (23.5 cases/million) compared with 
the incidence among the females (19 2 cases/million; P < 000.1). 
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Figure 3. Age-standardized incidence rates of uveal melanoma in the 
Swedish (A) male and (B) female populations during the period from 
I960 to 1998. Solid line: crude incidence; broken line: age-standard- 
ized rates when standardized against the Swedish population of 1970 
to 1974. During the 39-year study period, the estimated incidence 
declined in males as from 11.7 to 8.4 cases/million CP = 0.002) with an 
annual relative change of 1%. In females the incidence rate was re- 
duced from 10.3 to 8.7 cases/million at the end of the period, a 
decrease that was not statistically significant (P = 0.108). The annual 
relative change was 0.7% in females. 

estimated at 23.5 cases/million inhabitants compared with the 
female incidence of 19.2 cases/million (P < 0.001), as illus- 
trated in Figure 2. 



During the period from I960 to 1998 the age-standardized 
incidence of uveal melanoma in the total Swedish population 
was reduced from 11.0 cases/million to 8.5 cases/million (P = 
0.006). In the male population, a significant reduction in inci- 
dence was found. The calculated age-standardized incidence 
decreased from 11.7 to 8.4 cases/million by the end of study 
period (P = 0.002). The female population also manifested a 
declining trend in incidence, from 10.3 to 8.7 cases/million 
during the investigation period, although the difference was 
not statistically significant (P = 0.108), as Figure 3 depicts. By 
applying a log regression model, we determined the annual 
change in incidence rate. The male incidence declined 1% 
yearly (95% CI, 0.8%- 1.2%) whereas the female incidence de- 
creased 0.7% (95% CI, 0%-1.3%) annually from I960 to 1998. 

The influence of non-European immigrants (with a presum- 
ably lower incidence of uveal melanoma) was analyzed for the 
years 1970, 1980, 1990, and 1998. For both genders, the 
estimated crude incidence for the population excluding the 
immigrants did not differ significandy from the true crude 
incidence, which included them (Table 2). 

To evaluate whether the diagnostic criteria for uveal mela- 
noma changed over the investigative period, one of the authors 
(Seregard S, unpublished data, 2001) reexamined a random 
sample of 916 paraffin-embedded specimens originally re- 
ported to be uveal melanoma during the period from I960 to 
1998. The specimens originated from several laboratories 
across Sweden. In only three cases (0.33%) did the original 
diagnosis require alteration, which confirms the high level of ^ 
accuracy in the Cancer Registry. 

The average tumor density (i.e., skin compared with uveal 
melanomas per unit of body area) of uveal melanomas was ^ 
found to be 50 times higher in males and 41 times higher in 
females than that of cutaneous melanomas. 

Discussion 

Throughout the 39-year investigation period, the incidence of 
uveal melanoma in Sweden was remarkably high from a global 
perspective. In the first period (1960-1964) the age-standard- 
ized incidence was 11.7 and 10.3 cases/million in males and 
females, respectively. The incidence declined to 8.1 and 8.6 
cases/million during the period 1995 to 1998, a level similar to 
the incidence recently reported for Jews of Polish and Roma- 
nian ancestry. 13 

The incidence of uveal melanoma in Scandinavia was once 
recognized as among the highest worldwide. In Denmark, 
Jensen 3 reviewed the period from 1943 to 1952 and found a 
crude, but not age-standardized incidence of uveal melanoma 
of 7.4 cases/million. 0sterlind 7 later analyzed the Danish pop- 
ulation of 1943 to 1982 with age standardization and found a 
stable incidence of ocular melanoma (conjunctival melanomas 



Table 2. Crude Incidence of Uveal Melanoma in the Swedish Male and Female Population Compared 
with the Estimated Incidence Excluding Non-European Immigrants 

Incidence Excluding 
Incidence* Inimigration* 95% Clf 



Year 


Males 


Females 


Males 


Females 


Males 


Females 


1970 


10.1 


9.4 


10.1 


9.5 


7.1-136 


6.7-13.0 


1980 


9.5 


8.2 


9.7 


8.3 


6.7-13-0 


5.6-11.4 


1990 


8.8 


8.6 


9-0 


8.9 


6.2-12.1 


6.0-11.8 


1998 


9.3 


9.7 


9.7 


10.1 


6.7-12.7 


7.0-13.0 



Incidence in the non-European immigrants was set at 0. 
* The incidence in cases/million. 

| The estimated 95% confidence interval for the crude incidence in the total male compared with the 
female population is given. 
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included) of 7.5 and 6 cases/million in males and females, 
respectively, during that period. In the United States with its 
heterogeneous population, the age-standardized incidence of 
ocular melanoma was estimated at 6 cases/million, based on 
the Third National Cancer Survey during the period from 1969 
to 1971. 20 Because different standard populations, and, hence, 
stratum weights, were used in these studies, the figures are not 
fully comparable. Other investigations, mainly in white popu- 
lations have resulted in similar data. 21 ' 23 However, in many 
earlier studies, the incidence of ocular malignancies in the 
population older than 15 years has been used as an approxi- 
mation for the incidence of uveal melanoma, suggesting inac- 
curacies stemming from inclusion of too broad a group. The 
temporal trends in incidence have often been regarded as 
stable, although with small fluctuations in many popula- 
tions. 5 ' 13,24 ' 25 A recent investigation in the United States (Singh 
A, personal communication, 2001) supports the impression of 
a stable incidence of uveal melanoma during the period 1973 
to 1997, with an overall rate of 4.3 cases/million inhabitants. 

However, in our data, we detected a statistically significant 
reduction in the incidence of uveal melanoma of 1% yearly for 
the male population in Sweden during the period from I960 to 
1 998. In the female population, the incidence rates declined by 
0.7% annually, but the reduction did not quite reach a statisti- 
cally significant level (P = 0.108). A slight predominance of 
males has been found in several epidemiologic studies on uveal 
melanoma. To our knowledge no statistically significant age- 
dependent gender difference has previously been demon- 
strated for this tumor. However, we discovered a significandy 
higher incidence in males than in females in the group more 
than 45 years of age, although the reasons are unknown. 

Until brachytherapy became a preferred treatment for 
smaller melanomas, almost every eye with uveal melanoma was 
enucleated and a specimen submitted for pathologic analysis. 
Ocular pathology in the earlier decades of the study period was 
not centralized, and therefore various pathologists at different 
laboratories examined the specimens. In an evaluation to de- 
termine whether the diagnostic criteria for uveal melanoma 
changed over the investigative period, reexamination of spec- 
imens identified misdiagnoses in only 0.33%. The diagnostic 
accuracy appears to be in the same low range as reported in 
the Collaborative Ocular Melanoma Study (COMS) in which the 
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rate of misdiagnoses was 0.3%. 26 The risk of not reporting 
uveal melanoma cases could have increased in later years, 
because more eyes are treated without obtaining a pathology 
specimen, and therefore the cases were not reported dually by 
both clinician and pathologist. To reduce this risk, hospital files 
from the only two centers treating patients with eye-sparing 
techniques (brachytherapy and proton beam irradiation) were 
checked and missing patients included in the study. 

Although the Swedish population was once considered eth- 
nically homogeneous, a small but growing irnmigration from 
both European and non-European countries has occurred in 
the past few decades. However, the net immigration rate re- 
mains comparatively low: the Swedish rate is estimated at 
0.86/1000 population compared with 3-5/1000 population for 
the United States during 2000. 27 Data from the Swedish Na- 
tional Bureau of Statistics 16 indicate that the proportion of the 
population of non-European origin in I960 was 0.2% and in 
1998 had increased to 4.0%. 

Furthermore, the age distribution of the immigrant popula- 
tion differed, because it was proportionally younger than the 
total Swedish population for every period investigated. The. 
•influence on the crude incidence of uveal melanoma for each 
gender over time when taking into account a presumably 
lower incidence in the irnmigrant population was estimated 
and found to be insignificant. Therefore, irnmigration alone 



probably does riot account for the decreasing incidence of 
uveal melanoma documented in this study. 

The stable incidence rates of uveal melanoma published 
since the 1950s contrasts sharply with the well acknowledged 
increase in incidence of skin melanoma in populations with fair 
complexions. 28 Our results concur with those found in a re- 
cently published population-based Swedish survey of inci- 
dence rates for vulvar melanoma. 29 At this extracutaneous 
UV-light protected site, the incidence declined 3% annually 
during the investigation period of I960 tol984. 

The average density of cutaneous melanoma is lower than 
that of uveal melanoma when the relationship between the 
skin area and the uveal area is considered. Specifically, uveal 
melanomas are 50 times more common in men and 41 times 
more common in women than cutaneous melanomas. Also, 
vulvar melanomas were found to be overrepresented by a 
factor of 2.5, compared with cutaneous melanomas. 30 

The potential role of UV light in the development of uveal 
melanoma is a matter of controversy. Some studies indicate 
that sunlight exposure may be a risk factor, 1031 32 but others 
found no clear latitudinal gradient 20 Nearly all UV light in the 
adult eye is absorbed before reaching the uvea, although 
greater transmission is possible in childhood, 33 and a blue or 
light-colored iris is also suggested to transmit more UV-light. 

Our results in a national survey in Sweden during a 39-year 
period point out a stable, and, in males, even decreasing, 
incidence of uveal melanoma during the same period that the 
incidence of cutaneous melanoma increased four to five times. 
The results therefore suggest that the initiation of uveal mela- 
noma is less dependent on UV light exposure than that of 
cutaneous melanoma. 
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Mutational Analysis of Selected Genes in the TGF/3, Writ, 
pRb, and p53 Pathways in Primary Uveal Melanoma 

Scott C Edmunds,* 2 David P. Kelsell, 1 John L. Hungerford? and Ian A Cree 2A 



Purpose. It is known that the pRb pathway celJ-cycle inhibitor 
p]6 ,NK4A plays a significant role in cutaneous melanoma and 
that alteration of pl6 ,NK (A , which resides within the 9p2J-22 
locus that also contains p!5 ,NK4,i and pl4 AHF , may occur in up 
to one third of uveal melanomas. The absence of TGF/3 respon- 
siveness noted in cultured uveaJ melanoma cells also suggests 
that the TGFj3 pathway plays a role in the formation of this 
tumor. Therefore, mutational screening was performed in sev- 
eral key genes in tumor-suppressor pathways that are known to 
be altered in some uveal melanomas. 

Methods. Using denaturing high-performance liquid chroma- 
tography (DHPLC) analysis and DNA sequencing, a series of 67 
uveal melanomas were screened for inactivating mutations in 
the TGF/3 pathway members SmacH and TGFj3 receptor type 2 
(TGF/3R2), the downstream cell-cycle inhibitor pl5 1NK4B , and 
the cell-cycle inhibitors pl4 ARF and pl6 INK4A pl6 ,NK4A was 
also investigated for promoter hypermethylation. Mutational 
analysis was also performed on the Wnt pathway gene /3-cate- 
nin, known to be mutated in approximately one quarter of 
cutaneous melanoma cell lines. 

Results. Polymorphisms in pl6 JNK4A were detected in 3 of 50 
samples, but no inactivating mutations were detected in any of 
the genes screened. Promoter hypermethylation of pl6 1NK4A 
was detected in 5 of 55 tumors, and loss of heterozygosity of 
the pl6 1NK4A locus was detected in 5 of 1 6 tumors. 
Conclusions. Most primary uveal melanomas do not appear to 
contain somatic mutations in Smad4, TGFJ3R2, pi 4 ARF > 
pl5 ,NK4B , pl6 INK4A , or /3-catenin. However, methylation of the 
pl6 ,NK4A promoter and loss of heterozygosity of the pl4** F - 
pl6 1NK4A locus occurs in some tumors. {Invest Ophthalmol Vis 
Sci. 2002;43:2845-2851) 

Uveal melanoma is the most frequently occurring primary 
intraocular tumor in white adults, having an annual inci- 
dence rate of 0.7 per 100,000 persons. 1 The eye is the com- 
monest site for noncutaneous melanomas, accounting for ap- 
proximately 80% of such lesions 2 and accounting for 1 3% of all 
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deaths caused by melanoma, which has a very high mortality 
rate. 5 This tumor carries up to a 50% 5-year mortality, 4 depend- 
ing on the tumor size. 

Both uveal and cutaneous melanoma originate from the 
melanocyte, but little is known about the underlying molecular 
pathogenesis of uveal melanoma, in contrast to cutaneous 
melanoma, for which there have been more substantial ad- 
vances in detecting mutations. 5 Both tumors differ significantly 
r.\ in their origins, with UV light appearing to play little or no part 
' in the causation of uveal melanoma, unlike cutaneous mela- 
noma. 6 Unlike cutaneous melanoma, no genes or tumor-sup- 
pressor pathways have so far been convincingly linked to uveal 
/^Snelanoma. 7 Uveal melanoma spreads hematogenously, leading 
'to liver metastasis, whereas cutaneous melanoma spreads 
mainly through the lymphatics, 8 with skin metastases a more 
common problem. Various chromosomal abnormalities have 
been noted in uveal melanoma— predominantly, nonrandom 
/°) alterations in chromosomes 3, 6, and 8. This is in contrast to 
cutaneous melanoma, which has only chromosome 6 alter- 
ations in common with uveal melanoma, and with further 
common cytogenetic changes in chromosomes 1, 7, 9, and 10. 5 / 
Transforming growth factor (TGF>/3 is known to suppress 
the growth of normal human melanocytes, but this response is 
lost by approximately two thirds of ocular melanoma cells. 9 
This loss of TGF/3 responsiveness suggests that an abnormality 
of the TGF/3 pathway or of downstream components could be 
a cause of formation of these rumors. In the adult eye, TGF/3 is 
produced by the ciliary body and retina and mediates a variety 
of effects, including immune suppression and modulation of 
fibrosis in response to injury. 10 Secreted TGF/3 binds to two 
different types of serine/threonine kinase receptors, known as 
TGF/3 type 1 and type 2 (TGF/3R1 and TGF/3R2; for a review see 
Ref. 11). TGF/3 binding activates various biochemical pathways 
through intracellular signaling molecules known as Smads. 
TGF/3 stimulation is known to upregulate a number of cell- 
cycle inhibitors, including pl5 ,NK4B and p27 1GP1 . 

The cell cycle inhibitor pl5 INK4B is known to be part of the 
pRb tumor-suppressor pathway that regulates the Gj-S check- 
point of the cell cycle and is one of the most often deregulated 
pathways in cancer. pl6 JNK4A is the main target for inactivation 
in this pathway by germ line mutation 12 and by promoter 
hypermethylation 15 in some cutaneous melanomas and in 
other cancers. The 9p21 INK4A-ARF locus that contains the 
pl6 INK4A gene undergoes allelic loss in between one quarter to 
one third of cutaneous 14 and uveal 15 melanoma tumors. The 
1NK4A-ARF locus contains two tumor-suppressor genes, 
pl6 1NK4A and pl4 ARF Qy\ng 20 kb apart), which have different 
first exons (la and 1/3, respectively) and share exons 2 and 3, 
although pH^ uses an alternative reading frame, so that the 
two proteins share no amino acid sequence homology. 16 
pl4 ARF is another cell regulator protein, but acts through the 
p53 pathway rather than the pRb pathway. 17 



9a 



In addition, pi 5 



maps in the 9p21-22 region. This 



protein having a very similar if not identical function in the cell 
cycle by inhibiting cyclin dependent-kinase(CDK>4, which 
phosphorylates and inactivates pRb protein. 18 Because of the 
proximity of the two genes, the high number of 9p21 alter- 
ations in many tumors can often overlap both genes. The 
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pl5 INK4B gene is known to be deleted along with pl6 1NK4A in 
nearly 10% of cutaneous melanoma tumors. 19 pl5 INK4B muta- 
tions have been found in a number of cancers, particularly 
leukernias (up to 30% of some forms). 18 Rare point mutations 
of the pU*** (see Ref. 20) and P 15 ,NK4B (see Ref. 19) genes 
have been detected in a few cases of cutaneous melanoma 
tumors. 

The Wnt/wingless pathway gene 0-catenin was also 
-- screened for mutations, because it has been shown to be 
p ^ mutated in approximately one quarter of cutaneous melanoma 
c celi lines. 21 The Wnt pathway is mediated by j3-catenin, which 
activates members of the LEF1/TCF transcription factor fam- 
ily—in turn, activating the transcription of Wnt target genes 
such as cyclin Dl. 

Herein, we describe analysis of key members of the TGF/3, 
pRb, and Wnt pathways for somatic mutations in sporadic 
uveal melanoma. We specifically examined key components of 
these pathways that have previously been shown to be mu- 
tated or methylated in cutaneous melanoma and also other 
cancers. Mutational analysis was confined to exons that con- 
tain known mutational hot spots. Denaturing high-perfor- 
mance liquid chromatography (DHPLC; Transgenomic, Crewe, 
UK) was used to look for mutations, because of its high 
throughput and sensitivity. Genes screened include the TGF0 
pathway member TGF/3R2 (exons 3, 5, and 7), the mutation of 
which is known to play a role in the formation of colon and 
gastric cancers. 22 Another TGFJ3 pathway member investigated 
was Smad4 (exons 8-11), because it is known to be mutated in 
pancreatic cancers. 23 The exon 3 region of the j3<atenin gene 
is known to be mutated in numerous cancers and was se- 
quenced in many of our tumors. Allelic loss of the 9p21-22 
pj£iNK4A j QCUS has been observed - m approximately 25% of 
both uveal 15 and cutaneous 24 melanoma tumors, and we there- 
fore decided to look at this region in our series of tumors (Fig. 
1). We also screened for mutations in the cell-cycle regulatory 
genes mapping to the 9p21 locus: pl6 ,NK4A (exons la and 2), 
pi**** (exon 1/3), and pl5 INK4B (exon 2). 

Materials and Methods 
Melanomas 

A total of 66 primary uveal melanomas collected from enucleations at 
Moorfields eye hospital were used in this study, along with a uveal 
melanoma liver metastasis. The median age of the patients was 6l 
years, and there was a small bias toward male specimens (56%). These 
tumors were predominantly choroidal (74% of tumors), with smaller 
numbers of ciliary body (1 4%) and mixed choroidal- ciliary body (1 2%) 
type. They were also mostly of spindle cell-type (4l%), with a slightly 
lower number of mixed (32%) and epithelioid (27%) types. All rumor 
samples were removed as part of the patient's treatment and with local 
ethics committee approval for use of the tissue in this study. The study 
protocol adhered to the tenets of the Declaration of Helsinki. For 
transport to the laboratory, the enucleated eyes were placed in sterile 
DMEM (Sigma, Poole, UK) with penicillin and streptomycin. After 
careful macroscopic examination for possible extrascleral extension 
and transillumination, the eye was cut vertically or horizontally 
through the tumor mass to one side of the optic nerve with a der- 
matome blade. Part of the tumor present in the calotte was snap frozen 
in liquid nitrogen for DNA extraction and subsequent molecular stud- 
ies. 9 DNA extraction was performed with a kit (Nucleon; Tepnel Life 
Sciences, Manchester, UK). 

Polymerase Chain Reaction 

PCR reactions were of 50-/iL volume, with a commercial PCR buffer 
(Bioline, London, UK), 1 mM MgCl 2 , 200 u.M dNTP, 20 to 100 ng 
genomic DNA template, and 0.5 U Taq polymerase, unless otherwise 
specified. All PCR assays were run on a commercial system (Hybaid, 



Wnt TGFp 




Figure J. The Wnt, p53> TGF0, and pRb pathways, and their role in 
the cell cycle. Key members of these pathways that were screened for 
mutations are shown. Wnt ligands activate membrane-bound Frizzled 
receptors and stop the degradation of 0-catenin. Nuclear 0<atenin 
then can activate Wnt target genes, such as cyclin Dl. In TGF0 
signaling, TGF/3 activates membrane bound TGF/3 receptors 1 and 2 to 
propagate a signal through the Smad family of proteins. A Smad com- 
plex including Smad4 activates transcription of genes including pl5 
and p2l. In. the pRb pathway, pRb protein is phosphorylated by a 
cyclin D-CDK complex to activate E2F, which activates the expression 
of genes essential for G,-S phase progression of the cell cycle. The 
phosphorylation of pRb can be inhibited by CDK inhibitors p2l, pi 6, 
and pl5. E2F also induces pl4 ARF , which sequesters MDM2, thereby 
preventing p53 degradation. p53 in turn activates p2l, which induces 
apoptosis and performs many other functions. 



Ashford, UK). PCR primer sequences were taken from previously 
published reports (see Table 1 for references for all exons screened) or 
designed from genomic sequences to exons of interest. These primer 
pairs either spanned the entire exon and intron- exon junction or were 
split into two overlapping PCR products if the fragments were too long 
for DHPLC analysis and sequencing. Exons that were too large and had 
to be split were pl6 1NK4A exon 2 and pU*** exon 1)3. PCR products 
were then used for mutational analysis by DHPLC. Exon 3 of /3-catenin 
did not produce a PCR fragment suitable for DHPLC analysis, and PCR 
was therefore undertaken on 10 tumors and the products sequenced. 
/3-Catenin exon 3 and pl5 INK4B exon 2 were not covered fully by these 
PCR fragments, but the exon 3 fragment had 88.5% of the exon 
sequence including all the key glycogen synthase kinase-3/3 phosphor- 
ylation site, 25 and the pl5 INK4B exon 2 fragment represented more 
than 80% of the exon sequence. The pl5 WK4 * exon 2 primers were a 
gift from Nadem Z. Soufir (Laboratoire de Biochimie B, Hormonologie 
et Genetique, Hopitai Bichat-Claude-Bernard, Paris). 

Heteroduplex Formation and DHPLC Analysis 

Heteroduplex formation was performed by heating the PCR products 
for 5 minutes at 94°C, followed by cooling to 40°C at a rate of 0.03'C 
per second, and the PCR products were then analyzed by DHPLC. The 
optimum temperatures for the analysis for each fragment were calcu- 
lated by computer (WAVE-Maker software; Transgenomic). Any vari- 
ants detected were then purified and sequenced. 30 In addition, for 
each exon screened PCR products for 10 tumors were also sequenced 
to confirm the data generated by DHPLC 

PCR Product Purification and Sequence Analysis 

PCR products were purified, using a PCR purification kit (QlAquick; 
Qiagen, Crawley, UK). Purified PCR products are then directly se- 
quenced (Big-Dye terminator chemistry; Applied Biosystems, War- 
rington, UK) and analyzed (model 377 automated sequencer; Applied 
Biosystems). 
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Gene 



Exon 



Primer Sequence 



Annealing Temperature 



Reference 



Polymerase chain reaction 
TGF/3R2 



Smad4 



pl5 JNK4B 

pl6 ,NK4A 

/J-Catenin 

Nested methylation PCR 

(inner and outer primer pairs) 
pl6A (outer) 

pl6B (inner) 



3 F: TGCAATGAATCTCTTCACTC 
R: CCCACACCCTTAAGAGAAGA 

5 F: GGCAGCTG GAATTAAATGATGGGC 
R: TGCTCGAAGCAACACATG 

7 F: CCAACTCATGGTGTCCCTTTG 
R: TCTTTGGACATGCCCAGCCTG 

8 F: TGTTTTGGGTGCATTACATTTC 

R: CAA TTTTTTAAAGTAA CTATCTG A C 

9 F: TATTAAGCATGCTATACAATCTG 
R: CTTCCACCCAGATTTCAATTC 

1 0 F: AGGCATTGGTTTTTAATGTATG 
R: CTGCTCAAAGAAACTAATCAAC 

1 1 F: CAAAAA GTG TG CA G CTTGTTG 
R: CAGTTTCTGTCTGCTAGGAG 

1/3—1 F: TCAGGGAAGGGCGGGTGCG 
R: GCCGCGGGATGTGAACCA 

1/3—2 F: GCCGCGAGTGAGGGTTTT 
R: CACCGCGGTTATCTCCTC 

2 F: GGCTCTGACTCTGCT 

R: GTGGGCGGCTGGGGAACC 
1 F: GGGAGCGCATGGAGCCG 
R: AGTCGCCCGCCATCCCCT 
2A F: AGCTTCCTTTCCGTCATGC 
R: GCAGCACCACCAGCGTG 
2-2 F: GACCCCGCCACTCTCACC 

R: GTGCTGGAAAATGAATGCTCTG 

3 F: ATGGAACCAGACAGAAAAGC 
R: GCTACTTGTTCTGAGTGAAG 



F: GGTTGGTTGGTTATTAGAGGGTGG 
R: TACAAACCCTCTACCCACCTAAAAT 
F: GTTGGTTATTAGAGGGTGGGG 
R: CTCCIACCrTAACTATTCIATAC 



55°C 

55°C 

55°C 

54°C 

54°C 

57°C 

57°C 

60°C 

60°C 

64°C 

6rc 

55°C 
55°C 
56°C 

56°C 
64°C 



22 

22 

22 

26 

26 
26 
26 
16 
16 

Gift from N. Soufir 
27 
27 
28 
25 

29 
29 



F, forward primer; R, reverse primer. 



Methylation Analysis 

Approximately 100 to 200 ng DNA from each tumor was sodium 
bisulfite modified. The DNA was denatured in 0.3 M NaOH in a volume 
of 20 /iL for 15 minutes at 37°C A solution of 120 3.6 M sodium 
bisulfite and 0.6 mM hydroquinone was added, and the samples were 
cycled for 5 hours (30 seconds at 95 °C, 15 minutes at 50°C for 40 
cycles) in a PCR apparatus (Hybaid). The DNA was then desalted with 
a DNA purification resin (Wizard; Promega, Southampton, UK) and 
desulfonated by the addition of 5 M NaOH to 0.3 M and incubated at 
room temperature for 5 minutes. The DNA was neutralized with glacial 
acetic acid and then precipitated with two volumes of ethanol in the 
presence of yeast transfer (t)RNA and 0.01 M MgCI 2 . DNA was then 
resuspended in 30 to 40 /i.L sterile water and amplified by nested PCR 
with Tag polymerase (Red-Hot Tag; ABgene, Epsom, UK) and buff- 
ers. 29 

Loss-of-Heterozygosity Analysis and 
Microsatellite Markers 

Dye-labeled PCRs of highly polymorphic microsatellite markers posi- 
tioned around the 9p21-22 pl6 INK4A locus (D9SI748 and D9S1749) 
were used for loss-of-heterozygosity (LOH) analysis. This region is 
known to show allelic loss in numerous cancers, particularly in cuta- 
neous melanoma. The reported heterozygosity of these markers was 
0.87 and 0.94 for D9S1748 and D9SJ749, respectively. PCR was 
performed under standard cycling conditions on 18 extracted blood 
and tumor pairs. Microsatellite profiles were then visualized and ana- 
lyzed in an automated sequencer (Li-Cor 4200 GeneReadIR; MWG, 
Milton Keynes, UK). The data were collected automatically and ana- 



lyzed on computer (GenelmageIR RFlPscan Plus ver. 3-0; Scanalytics 
Fairfax, VA). 

LOH was quantitatively assessed according to the method of Okabe 
et al. 31 This method calculates the LOH index, defined as the allele 
ratio in normal tissue divided by the allele ratio of the tumor tissue. The 
allele ratio was calculated as the peak height of the smaller allele 
divided by the peak height of the larger allele. Allelic loss was defined 
by an LOH index of less than 0.5 or more than 2.0. 

Results 

Mutational Analysis 

No mutations were identified in any of our tumor samples in 
any of the exons screened. Screening of pl6 ,NK4A exon 2 
produced variant DHPLC profiles (distinct doublet peaks) in 
three samples, with the sequencing showing that they were all 
heterozygous for a previously reported Alal48Thr polymor- 
phism 32 (Fig. 2). 

LOH Analysis 

This series of tumors had previously undergone LOH analysis 
for the 3p22 TGF/3R2 locus, finding allelic loss in approxi- 
mately 30% of the tumors. 9 There was then enough DNA 
remaining in 18 blood and tumor pairs to allow for LOH 
analyses to be performed on a few more loci (Table 2, Fig. 3). 

Of these 18 pairs of samples analyzed for 9p21-22 pl6 INK4A 
LOH, 2 (11.1%) samples were uninformative at both loci, 5 
(27.8%) were informative for both loci , and 11 (61.196) were 



2848 Edmunds et al. 



JOVS, September 2002, Vol. 43, No. 9 




B 



CATAGATGC c gc g&aaggtccc 



CATA 6ATGCC HCGGAAG G 




T C C C 




D A ATT 

148 



n^ 2 ' if A p 1 osiI ! veDHP '- C '««• showin 8 :1 wild-type sequence with a wUd-type DHPLC profile and a pl6 ,NK ^ exon 2 variant with a variant 

Z^r^^Xi^ eacc showing the p,6 ' NKJA exon po, ^ hism - with < hc 



informative at only one locus. Of the 16 samples that were 
informative, 5 showed LOH in at least one of the loci (31%). Of 
these samples showing LOH, two displayed LOH at one locus 
only. Some samples could not be analyzed for technical reasons 
Gabeled in Table 2 as ND, no data). After repeating analyses of 
most of these samples, we did not have enough DNA for 
further loci to be examined. 

Methylation Analysis 

Evidence of methylation of the pl6 INK4A promoter was de- 
tected in 5 (9.1%) of 55 of the tumors examined. Only the 
reverse-sequenced strand produced good enough quality se- 
quencing (Fig. 4). Because of the small number of samples 
screened for LOH, it was not possible to determine whether 
there was any association between the samples that had 
pl6 iNK4A methy]ation and 9 p 2i-22 pl6 ,NK4A LOH. 



ous melanoma — such as pl4 
Tabu- 2. Table of LOH and pl6 INK4A Methylation Results for 18 Blood-Tumor Pairs 



Discussion 

In a previous study, 9 we examined the expression of members 
of the TGF/3 pathway by immunocytochemistry, and found that 
the expression of Smads 2, 3, and 4; p27; and TGF/3R2 was 
absent in a large percentage of uveal melanoma tumors, along 
with a loss of TGF/3 responsiveness. In the current study, we 
investigated whether this loss of expression was due to so- 
matic mutation of key members of these pathways— events 
that would be consistent with the absence of TGF/3 respon- 
siveness and with the potential abrogation of this and other 
pathways. Because uveal melanoma tumors have no obvious 
major inherited component 2 we concentrated on finding so- 
matic mutations in these pathways. We also screened for ge- 
netic alterations several genes known to be altered in cutane- 



•ARF 



pl5 ,NK4B , P 16" 



and 



No. 




Age at 


Sample 


Enucleation 


1 


96/3 


40 


2 


96/5 


73 


3 


96/6 


39 


4 


96/7 


79 


5 


96/8 


42 


6 


96/12 


77 


7 


96/14 


68 


8 


96/16 


48 


9 


96/17 


67 


10 


96/18 


64 


11 


97/1 


33 


12 


97/5 


54 


13 


97/6 


36 


14 


97/7 


64 


15 


97/8 


85 


16 


97/10 


31 


17 


97/11 


62 


18 


97/16 


73 


A* 


96/10 


79 


B* 


96/15 


63 


c 


98/35 


48 



Site of 



Pl6 LoH: 9p21-22 



Tumor 


Cell Type 


pl6 Methylated 


Choroid 


Mixed 


ND 


Choroid 


Epithelioid 


No 


CB/Choroid 


Spindle 


No 


CB 


Mixed 


No 


Choroid 


Spindle 


No 


Choroid 


Mixed 


No 


Choroid 


Epitheloid 


No 


Choroid 


Spindle 


No 


Choroid 


Spindle 


Yes 


Choroid 


Spindle 


No 


Choroid 


Epitheloid 


ND 


Choroid 


Spindle 


No 


Choroid 


Spindle 


No 


Choroid 


Spindle 


Yes 


Choroid 


Spindle 


ND 


CB 


Epitheloid 


No 


Choroid 


Spindle 


No 


Choroid 


Mixed 


No 


Choroid 


Epitheloid 


Yes 


Choroid 


Mixed 


Yes 


Choroid 


Spindle 


Yes 



D9S1748 



D9S1749 



NI 
NI 
Nl 

+ 



NI 
+ 

+ 
NI 



NI 

NI 

NT 
NT 
NT 



ND 
NI 
NI 



ND 
NI 

ND 
Nl 

-f 
-f 

ND 
NT 
NT 
NT 



ND, no data; NT, not tested; NI, not informative; + , LOH; no LOH; CB, ciliary body 
Tumors were shown to be methylated, but were not tested /or LOH. 
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Figure 3- EJectropherogram, showing LOH assessment on the chro- 
mosome 9p21-22 locus D9S1749. Blood is compared with tumor 
tissue, and the density units of each allele are compared (x-axis). The 
lower {smaller) allele is deleted in the rumor. 

P-cztenin— and we found it unlikely that mutation of these 
important members of the pRb, TGF/3, and Wnt pathways are 
responsible for disregulation in these pathways. It is known 
that DHPLC analysis has difficulty in resolving C-to-G transver- 
sions and also has difficulty analyzing high-melting domains 
embedded in low-melting DNA regions, such as £-catenin exon 
3. Apart from these slight problems, DHPLC analysis is consid- 
ered to be very accurate, with a sensitivity and specificity 
thought to be higher than 96%. 33 In a study screening 113 
amplicons containing 14 different BRCA 1 mutations DHPLC 
resolved 100% of the alterations, compared with 96 using 
single-strand conformation polymorphism (SSCP) analysis. 34 
Most mutations that were not detected by DHPLC would have 
been expected to be detected from the sequencing of each 
exon, especially in that we concentrated on codons with pub- 
lished mutations. Not all the exons were screened, and very 
little of the surrounding intronic sequence was examined; 
therefore, some mutations could have been missed by this 
analysis. 

There were other genes in these pathways that have had 
mutations noted in certain cancers, Smad2 being a notable 
example, but many of these published mutations are thought 
to be very rare. 35 There is also a possibility the mutations are 
present in unscreened exons of these genes (e.g., Smad4 exons 
1-7, pl6 INK4A exon 3). However, these regions do not have the 
same degree of structural conservation across the species and 
are without the same frequency of published mutations in 
other cancers as the mutational hot spots analyzed in this 
study. 

A minority of these uveal melanoma tumors displayed meth- 
yl ^^P 16 '"* 4 * P romoter < 10% ) aU elic Joss of the 9p21 
pl6 locus (31%), although not in the same tumors. Be- 
cause of the small number of samples and particularly the small 
number of positive samples, no significant correlations could 
be made between these DNA abnormalities and any clinical or 
histologic features. Ideally, we would have liked to examine 
further loci; but, unfortunately, DNA was limited. The level of 
9p2l LOH observed in this study (31%) was consistent with 
previous molecular studies of uveal meJanoma, which have 
found levels of pl6 1NK4A LOH of between 24% and 32% 36js 
Other studies have also detected pl6 ,NK4A homozygous dele- 
tions in approximately 12% of tumors 15 and intronic pl6 INK4A 
mutations. 37 The alterations noted may all contribute to lower 
levels of expression of many of these genes, and if there are 



enough key members of these pathways with reduced expres- 
sion, these may act as contributory factors to the development 
of melanoma. 

Previous studies have found constitutional pl6 ,NK4A muta- 
tions in a substantial proportion of familial cutaneous mela- 
noma (>40%) 28 and in up to 75% of cutaneous melanoma cell 
lines, but not in the small number of families predisposed to 
uveal melanoma, 16 although it is probable that most familial 
cases of uveal melanoma represent an aggregation of sporadic 
cases rather than true Mendelian inheritance. The number of 
sporadic cutaneous melanoma cases involving the pl6 mK4A 
mutation is much lower, varying between 3.3% 24 and 25% 39 
The frequency of pl6 INK4A methylation found (10%) is consis- 
tent with levels in cutaneous melanoma (10%) 13 and is be- 
tween levels recorded in previous studies in uveal melanoma 
(6% to 32% °). The higher frequency recorded by van der 
Velden et al. was obtained by using the more sensitive tech- 
nique of methyJation-specihc PCR, which can detect tumors 
with only partial methylation. 

Samples were regarded as methylated when the level of 
each methylated CG dinucieotide was greater than the unmeth- 
ylated dinucieotide (TG), suggesting greater than 50% methyl- 
ation of the target DNA. There were a small number of samples 
that were unmethylated but had very low levels of CG (<5%) 
but we could not be sure whether this was due to methylation 
or to background unincorporated dye terminators in the se- 
quencing trace. Low levels of methylation of this magnitude 
and even levels too small to be seen in the sequence trace are 
theoretically detected by the alternative technique used by van 
der Velden et al. 40 Because of the purity of the uveal melanoma 
tumor DNA samples, the lower levels of methylation noted are 
unlikely to be due to contamination from normal tissues Con- 
tamination from partially bisulhte-modified DNA is also un- 
likely, because the primers were designed so that unmodified 
DNA would not amplify. 

The absence of expression of Smads 2, 3, and 4; p27; and 
TGF/3R2 noted in a large percentage of uveal melanoma tu- 
mors without any obvious inactivating mutations discovered, 
could be explained by promoter hypermethylation of these 
genes. However Smad4, p27, and TGF/3R2, have been screened 
for promoter hypermethylation in a small number of tumor 

METHYLATED BISULFITE MOD IFIED DNA 

GC G G 6 6 G T GT T G T T T A AC G 1 A I C GA A T AG T T/ 




UNMETHYLATED BISULFITE MODIFIED DNA 



Figure 4. Examples of bisulfite-modi/ied DNA sequence from uveal 
melanoma tumors showing methylated and unmethylated sequence of 
the pi 6 promoter. In the unmethylated sequence, all cytosines 
arc converted by the bisulfite modification step and PCR to thymidine 
whereas, in the methylated sequence, all 5-methylcytosines are resist 
tant to modification and remain cytosines. This DNA was extracted 
from a nonpigmented, spindle-cell choroidal tumor from a 48-year-old 
woman (sample 98/35, Table 2). 
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rypes, with no Smad4 methylation discovered to date. 41 Some 
promoter hypermethylation has been detected in a small num- 
ber of cancer cell lines in the p27 42 and TGF/3R2 S en «,^ 
although not in any significant amounts in primary tumors. 
That there were no significant amounts of methylation of these 
genes in other tumors does not discount it as a plausible 
mechanism in uveal melanoma. This should be investigated 
further. 

Uveal melanoma has a low cellular proliferation rate and is 
different than cutaneous melanoma in behavior and response 
to chemotherapy. 45 These findings further highlight the mo- 
lecular differences between uveal and cutaneous melanoma 
and suggests that in uveal melanoma, methylation may play a 
more important role than somatic mutation. 

In summary, no genetic mutations were detected in any of 
the Wnt, pRb, and TGFJ3 pathway genes that we screened, 
although in this series approximately 10% of the tumors had 
high levels of pl6 INK4A promoter methylation and approxi- 
mately 31% of the tumors also showed loss Of heterozygosity of 
the 9p21 pl6 ,NK4A locus. Because of the limited availability of 
samples, protein expression studies of could not be performed. 
Thus, further studies are needed to relate the molecular alter- 
ations in the 9p21 pl6 lNK4A locus with pl6 ,NK4A protein ex- 
pression. Mutations in Smad4, TGF/3R2, /3-catenin, pl6 1NK4A , 
pl5 1NK4B , and pl4 ARF are unlikely to be frequent contributors 
to uveal melanoma. So far, non- cancer-causing genes have 
been found to undergo inactivating mutations In most uveal 
melanomas, suggesting that there may be other mechanisms of 
tumorigenesis in uveal melanoma that are yet to be discovered. 
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Abstract 

In the past decade, there have been impressive advances in 
our understanding of chromosomal, genetic and molecular 
alterations that occur in uveal melanoma. Nevertheless, a 
coherent picture of the molecular pathogenesis of this eye 
cancer is yet to emerge. Herein, we review the findings to 
date, discuss the insights they provide, and suggest future 
directions for molecular research in uveal melanoma. 

Introduction 

Uveal melanoma is the most common malignant neoplasm 
of the eye, with an incidence of about seven cases per million 
per year in the U.S., 1 and a five year mortality rate of up to 
53%. 2 Uveal melanoma is rarely hereditary, and this lack of 
familial cases has hindered the search for disease-causing 
genes. Therefore, investigators have relied on other chromo- 
somal, genetic and molecular approaches to study uveal 
melanoma. Herein, we review these findings and discuss the 
insights they provide into the molecular pathogenesis of 
uveal melanoma. 

Cytogenetic analysis 

Cytogenetic analysis provides an overview of structural 
chromosomal changes in tumor cells. Gain or loss of chro- 
mosomal material can suggest the presence of oncogenes or 
tumor suppressor genes, respectively. Over 50% of uveal 
melanomas demonstrate loss of ail or part of chromosome 3, 
which has been strongly linked to the development of 
metastatic disease. 3 "* Extra copies of chromosome 8 or gain 
of material on the q arm of chromosome 8 occurs in 42-54% 



of tumors and has also been linked to metastatic death. 4,7 
Alteration of chromosome 6 is also observed frequently and 
may correlate with better prognosis. 7 ' 8 Less frequent cytoge- 
netic rearrangements are observed on chromosome 9 and 
21. 7,8 Despite the identification of these non-random cytoge- 
netic changes, it remains unclear these gross chromosomal 
alterations play a direct role in the development of uveal 
melanoma by impacting the expression of cancer-related 
genes or whether they are simply secondary changes that 
occur during malignant progression. 

SKY and CGH 

Advances in cytogenetic techniques have allowed more 
precise identification of changes in chromosomal material. 
Spectral karyotyping (SKY) is a 24-color, multi- 
chromosomal painting assay that allows the visualization of 
all chromosomes in one experiment. SKY can detect equiv- 
ocal or complex chromosomal rearrangements, and it can 
identify the chromosomal origins of marker chromosomes 
and other extra-chromosomal structures. 9 Naus and col- 
leagues performed SKY analysis in two uveal melanoma cell 
lines and five primary uveal melanoma and showed that 
changes on chromosomes 6 and 8 occurred more frequently 
than previously observed with cytogenetic analysis. 10 In addi- 
tion, an alteration on chromosome 47 - der(17)t(7;17)(?;q?) 
- was detected by SKY that was not identified by conven- 
tional cytogenetics. This chromosome 17 rearrangement 
could potentially involve the tumor suppressors p53 or NF1 . 

Comparative genomic hybridization (CGH) allows rapid 
screening for gains and losses of DNA copy number across 
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the entire genome by comparing test and reference DNA 
samples that are differentially labeled. 11 CGH has validated 
previous cytogenetic results in uveal melanoma, including 
loss of chromosome 3, gain of chromosome 6p, loss of chro- 
mosome 6q, and gain of chromosome 8q. l2J3 The smallest 
amplified regions on 6p and 8q by CGH were 6pter->p21 and 
8q24->qter, respectively. 12 CGH has identified changes that 
were not detected by cytogenetic analysis, including a small 
intrachromosomal deletion at chromosome 3ql3-3q21 , 10 
deletions involving a tumor suppressor region at chromo- 
some 9p, 12 and losses on chromosome lp that were linked 
with metastatic disease. 5 

Loss of heterozygosity 

Loss of heterozygosity (LOH) analysis is yet another step 
closer toward evaluating individual genes. LOH analysis uti- 
lizes polymorphic DNA markers to investigate allelic loss of 
specific DNA loci. 14 Loss of heterozygosity near a potential 
tumor suppressor gene suggests that at least one copy of the 
gene is deleted in a clonal manner within the tumor. Scholes 
and colleagues performed LOH analysis in 105 uveal 
melanomas using markers on chromosome 3, and they found 
loss of one allele for all informative markers (consistent with 
monosomy or loss of the entire chromosome) in 51% of 
cases, and regional loss of heterozygosity in another 6% of 
cases. 15 Monosomy 3 was associated with epithelioid cytol- 
ogy, intratumoral vascular loops, larger tumor diameter, 
ciliary body involvement, and metastatic death. Parella and 
colleagues screened every autosomal chromosome and the X 
chromosome in 50 primary uveal melanomas and found 
allelic loss of all informative markers on chromosome 3 in 
59% of cases. 16 Allelic imbalance on chromosome 8q was 
observed in 60% of cases, and allelic loss on chromosome 
6p was found in 28% of cases. Interestingly, this study found 
that changes on chromosomes 3 and 6 were usually mutually 
exclusive, but the 8q imbalance could occur in association 
with either of the other two changes, suggesting a bifur- 
cation in the pathway of tumor progression. 16 These LOH 
studies confirmed earlier cytogenetic findings and indicated 
that some alterations, such as loss of chromosome 3, may be 
even more common than prior estimates. The greater sensi- 
tivity of detecting genetic loss with LOH compared to other 
techniques is probably due to the fact that it can detect not 
only monosomy but also acquired isodisomy (functional 
monosomy resulting from loss and duplication of the remain- 
ing chromosome 3). 17 

Loss of all or part of chromosome 3 appears to be the most 
common cytogenetic change in uveal melanoma, suggesting 
that one or more tumor suppressor genes important in uveal 
melanoma may reside on this chromosome. LOH studies 
have attempted to define the smallest region(s) of chromo- 
somal loss as a first step towards identifying specific cancer- 
related genes. One study identified two distinct regions of 
frequent deletion located at 3q24-q26 and 3p25. 18 The 
second deletion spanned a region of about 2.5 megabases 



but did not include the von Hippel-Lindau tumor suppressor 
gene. The thyroid hormone receptor beta gene, which could 
potentially act as a rumor suppressor, underwent LOH in 60% 
of tumors, 19 but further studies have not corifirmed a func- 
tional significance to this finding. The transforming growth 
factor beta (TGFP) receptor II gene is located within a com- 
monly deleted region at chromosome 3p22 and was recently 
found to undergo LOH in 6 of 19 of tumors. 20 This study 
observed abnormalities in the TGFP pathway in 6 1 % of uveal 
melanomas. However, mutations in the TFGJi receptor gene, 
which would directly implicate this as a tumor suppressor 
locus, have not been reported. 

Cytogenetic analysis, SKY, CGH and LOH analysis have 
yielded insights into non-random DNA changes in uveal 
melanoma, but these techniques have not led to the identifi- 
cation of specific mutations in cancer-related genes. There- 
fore, some investigators have undertaken a "candidate gene" 
approach in which known cancer genes are surveyed for 
tumor-related mutations and abnormal expression patterns. 
We will review the major findings to date. 

p53 and HDM2 

The p53 tumor suppressor detects abnormalities associated 
with neoplastic transformation, such as excessive prolifera- 
tion and DNA damage, and it can activate an intrinsic apop- 
totic program to eliminate transformed cells. 21 Therefore, 
cancer cells are under selective pressure to disrupt the 
p53 pathway, and p53 itself is mutated in over half of all 
human cancers. However, the role of p53 mutations in uveal 
melanoma is controversial. Some early studies found 
increased immunohistochemical expression of p53 (indicat- 
ing possible mutation) in some uveal melanomas, but most 
of these tumors had been irradiated. 22 We recently showed 
that irradiation strongly increases p53 expression in uveal 
melanomas and that this does not necessarily indicate the 
presence of mutant p53. 23 A few tumors have been shown to 
harbor potential mutations within the p53 gene, 24 but most 
larger studies of untreated tumors suggest that p53 mutations 
are uncommon in uveal melanomas. 25 

HDM2, the human homologue of murine double minute 
2 (MDM2), is an inhibitor of p53 that targets it for degrada- 
tion. 26 HDM2 is overexpressed in some p53(+) rumors, sug- 
gesting that high levels of HDM2 can functionally block 
the p53 pathway. 27 Several groups have investigated HDM2 
expression in uveal melanoma. We found that over 95% of 
untreated tumors demonstrated strong immunohistochemical 
expression of HDM2. 25 Further, Coupland and co-workers 
showed that increased HDM2 expression was associated with 
poor outcome. 28 As functional evidence that HDM2 is impor- 
tant for survival of uveal melanoma cells, we found that 
blocking HDM2 with a small molecule inhibitor caused rapid 
onset of apoptosis. 29 Thus, the p53 pathway may be at least 
partially inhibited in uveal melanomas by overexpression of 
HDM2, but the mechanism for this increased expression 
remains unclear. 
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Rb-pl6Ink4a-Cyclin D pathway 

The retinoblastoma protein (Rb) pathway suppresses tumori- 
genesis by regulating cell cycle progression, senescence and 
differentiation. 30 Virtually all cancers are thought to harbor 
mutations in the Rb pathway. 31 Mutation of the Rb gene is 
found in only a small subset of cancers, such as retinoblas- 
toma. About 20% of uveal melanomas were found to have 
LOH near the Rb locus at chromosome 13q.l4, 32 but there is 
little evidence that Rb is mutated in uveal melanoma. The Rb 
protein has been expressed in all untreated uveal melanomas 
that we examined so far. 25 Further, we are not aware of 
any reports of documented Rb gene mutations in a uveal 
melanoma. 

Mutations elsewhere in the Rb pathway can functionally 
inactivate Rb by keeping it hyperphosphorylated. The 
fact that Rb is hyperphosphorylated in most primary 
uveal melanomas suggests that this is the primary mecha- 
nism for inhibiting the Rb pathway in this cancer. 33 Cyclin 
Dl, which activates the Rb kinase CDK4, is strongly 
expressed in over 40% of uveal melanomas and has been 
shown to block the active repressor function of Rb. 33 
Increased cyclin Dl expression has been associated with 
larger tumor size, epithelioid cell type, and poor progno- 
sis. 25,28 pl6Ink4a is an inhibitor of cyclin D-mediated phos- 
phorylation. 31 Although germline mutations in the pl6Ink4a 
gene are exceedingly rare in uveal melanoma patients, 34 " 37 
several studies suggest that somatic silencing of the pi 6Ink4a 
gene may occur in some tumors. Merbs and co-workers 
found LOH at the pl6Ink4a locus in 24% of tumors, half of 
which had homozygous deletion. 38 The promoter was methy- 
lated in another 6% of cases. The authors concluded that 
pl6Ink4a was inactivated in up to 27% of the tumors. 
However, gene expression was not directly assessed, and 
since no intragenic mutations were observed, it is possible 
that the deletions targeted other nearby tumor suppressor 
genes such as pl4ARF and pl5Ink4b. In another study, 
methylation of the pl6Ink4a promoter was observed in 32% 
of primary uveal melanomas, 39 further suggesting that silenc- 
ing of pl6Ink4a may occur in up to a third of uveal 
melanomas. 



C-myc 

C-myc regulates cellular proliferation, apoptosis, and cell 
differentiation, and it has been implicated as an oncogene in 
selected types of human cancer. 40 The c-myc gene is located 
at chromosome 8q24, within the region of frequent overrep- 
resentation in uveal melanoma. By immunohistochernistry, 
about 70% of uveal melanomas strongly express c-myc, 41,42 
and there may be an association between increased c-myc 
expression and improved survival. 41 As further evidence that 
c-myc is specifically altered in uveal melanoma, one study 
found that the c-myc gene was amplified or overrepresented 
in 90% of primary tumors, and c-myc amplification was asso- 
ciated with larger tumor size. 43 Nevertheless, it remains pos- 



sible that these amplification events actually target a nearby 
gene or that they represent a survival response due to cellu- 
lar stress in transformed cells. 

Bcl-2 

Bcl-2 is an anti-apoptotic factor and the namesake of a family 
of pro- and anti-apoptotic proteins that interact in a complex 
manner to regulate apoptosis by the intrinsic mitochondrial 
pathway. 44 Bcl-2 is overexpressed in many cancer types as a 
mechanism for inhibiting apoptosis. Overexpression of Bcl- 
2 by immunohistochemical analysis has been reported in the 
vast majority of uveal melanomas. 25,41,45 As evidence that this 
strong Bcl-2 expression may be required for survival of uveal 
melanoma cells, we showed that inhibition of Bcl-2 by a 
selective small molecule inhibitor led to rapid induction of 
apoptosis. 29 Interestingly, elevated Bcl-2 expression may be 
an intrinsic property of cells of melanocyte lineage, poten- 
tially explaining the profound resistance to therapy-induced 
apoptosis that is observed in all forms of melanoma. 46 

Telomerase 

Telomerase is a ribonucleoprotein polymerase capable of 
extending telomeres that are normally lost during successive 
cell divisions. Telomerase is not normally active in somatic 
cells, but overexpression of telomerase occurs in some 
cancers and can stabilize telomeres and prevent the induc- 
tion of cellular senescence. Telomerase activity was detected 
in 14 of 14 uveal melanomas by in situ hybridization. 47 Since 
a putative repressor of telomerase is located on chromosome 
3, it would be interesting to determine whether the frequent 
genetic loss on chromosome 3 may provide the tumor a 
selective advantage by promoting telomerase activity. 

BRCA2 

BRCA2 is a DNA damage repair protein, and mutation of 
the BRCA2 gene can lead to accumulation of DNA damage 
and a propensity for neoplastic transformation. Germline 
BRCA2 mutations have been found in up to 3% of uveal 
melanoma patients. 48,49 While this finding strongly implicates 
a role for DNA damage repair defects in the pathogenesis of 
uveal melanoma in these patients, these studies were limited 
to selected patients that were highly likely to have a genetic 
predisposition melanoma, so the role of BRCA2 in the vast 
majority of sporadic uveal melanoma patients remains 
unclear. 

NF1 

The NF1 tumor suppressor locus on chromome 17 was 
deleted and NF1 protein expression was lacking in one of 38 
tumors using dual color fluorescence in situ hybridization. 50 
These findings suggest that NF1 may infrequently be the 
target of mutations in uveal melanoma and may explain the 
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Figure 7. Many of the molecular abnormalities that have been identified in uveal melanoma are likely to inhibit the Rb-p53 tumor sup- 
pressor pathway. The retinoblastoma protein (Rb) blocks cell proliferation primarily by inhibiting the transcription factor E2F, which activates 
factors involved in cell division such as CDK2. Rb is itself inhibited by cyclin D-mediated phosphorylation. Overexpression of the oncogenes 
c-myc and cyclin D, inactivation of the tumor suppressor pl6Ink4a, or inhibition of the TGFP tumor suppressor pathway can promote cyclin 
D-mediated phosphorylation, causing Rb to be maintained in a hyperphosphorylated, inactive state. Inactivation of Rb normally triggers an 
apoptotic response in part by activation of the alternate reading frame protein (ARP), which activates p53 by blocking the p53 inhibitor HDM2. 
Overexpression of HDM2 can short circuit this tumor suppressor pathway and prevent p53 from becoming active. Overexpression of Bcl-2 
and other anti-apoptotic proteins downstream of p53 can block pro-apoptotic proteins that are activated by p53, such as Bax, further inhibit- 
ing the apoptotic drive. Shortening of telomeres normally functions as a cellular "clock" to limit the number of cell divisions that a cell can 
undergo before entering senescence by activating the p53 pathway. Immortalized tumor cells often overexpress telomerase to prevent the short- 
ening of telomeres. The factors that are illustrated in boxes are frequently overexpressed in uveal melanoma, and the factors in ovals are 
frequently inactivated. See text for details. 



clinical association between neurofibromatosis type 1 and 
uveal melanoma. 



Conclusions 

A variety of cytogenetic, genetic and molecular findings have 
provided insights into the molecular pathogenesis of uveal 
melanoma. However, a coherent picture has not yet emerged 
(Fig. 1). Cytogenetic changes such as loss of chromosome 3 
occur frequently but have not been shown to target specific 
genes. Hence, it is unclear whether these gross chromosomal 
abnormalities play a causal role or are simply markers for 
disease progression. LOH analysis has identified specific 
regions of DNA loss. But here again, loss of heterozygosity 
alone has not implicated the involvement of specific rumor 
suppressor genes. The Rb pathway appears to be functionally 
inhibited in the vast majority of uveal melanomas by hyper- 
phosphorylation of the Rb protein. Overexpression of cyclin 
Dl and inactivation of pl6Ink4a appear to be the most 
common mechanisms for maintaining Rb in a phosphory- 
lated state. The p53 pathway is functionally blocked in most 
uveal melanomas, and this inhibition may be due at least in 
part to overexpression of the anti-apoptotic proteins HDM2 
and Bcl-2. C-myc is frequently amplified and overexpressed 
in uveal melanoma, although we still await functional vali- 
dation that this is a primary rather than secondary change. 
Future studies should focus on the development of geneti- 



cally targeted animal models and functional studies in 
primary uveal melanoma cells in order to determine which 
of the myriad changes is important in the initiation and 
progression of uveal melanoma. 
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Abstract 

Purpose, To investigate the spatiotemporal expression of 
glycosaminoglycans during development of the rat retina. 

Methods. Hyaluronan and sulfated glycosaminoglycans, 
including chondroitin sulfate, heparan sulfate and keratan 
sulfate were detected using biotinylated hyaluronan binding 
protein, injmunohistochemical analysis, respectively, in the 
rat retina at various stages of development. 

Results. Hyaluronan was expressed in the nerve fiber layer, 
inner plexiform layer and outer plexiform layer during 
early postnatal stages (postnatal day 1-14; P1-P14) and was 
undetectable after P21. In contrast, hyaluronan was faintly 
observed in the photoreceptor layer on P7, and gradually 
increased up to P49. The spatiotemporal expression pattern 
of chondroitin sulfate was similar to that of hyaluronan. 
Heparan sulfate was also detected in the nerve fiber layer, 
inner plexiform layer and outer plexiform layer during early 
postnatal stages (P1-P14). In addition, heparan sulfate was 
expressed in the inner limiting membrane during all stages 
of development. Keratan sulfate was not detected in the 
retina at any stage of development. 

Conclusions. Hyaluronan, chondroitin sulfate and heparan 
sulfate are expressed in nerve fiber-rich layers during early 
postnatal stages and may regulate neurite outgrowth. In 
adulthood, both hyaluronan and chondroitin sulfate are 
expressed in the photoreceptor layer and may consist of the 
interphotoreceptor matrix. In addition, heparan sulfate is 
expressed in the inner limiting membrane throughout the 



various stages of development and may be associated with 
the structure of the inner limiting membrane. 

Keywords: proteoglycan; glycosaminoglycan; hyaluronan; 
retina; development 

Introduction 

Extracellular matrix molecules play important roles in the 
control of cell proliferation, migration, differentiation, and 
maintenance of morphogenic structures. 1 " 3 Proteoglycans are 
one group of extracellular matrix molecules composed of a 
core protein molecule to which glycosaminoglycans are cova- 
lently linked as side chains. Glycosaminoglycans are large 
polymers that consist of repeating disaccharide units, and 
classified into 4 main forms including chondroitin sulfate, 
heparan sulfate, keratan sulfate and hyaluronan. Chondroitin 
sulfate and heparan sulfate proteoglycans were found to be 
expressed during development of the retina. 4 Although many 
studies have focused on the core proteins of proteoglycans, 
glycosaminoglycans have been implicated in many biological 
functions, such as binding to extracellular matrix proteins and 
growth factors, and appeared to play important regulatory 
roles in many processes, such as cell adhesion, cell migration 
and differentiation. 5 We now report expression of each gly- 
cosaminoglycan which changes markedly and specifically 
during development of the rat retina. The physiological sig- 
nificance of the results is discussed. 
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Lack of BRAF Mutation in Primary Uveal Melanoma 
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Purpose. BRAF T1796A activating mutations have been found 
in a high proportion of cutaneous melanomas, cutaneous nevi, 
and papillary thyroid carcinoma and in a small fraction of other 
cancers. This study was designed to investigate the incidence 
of BRAF T1796A mutation in uveal melanoma. 
Methods. Twenty-nine formalin-fixed, paraffin-embedded pos- 
terior uveal melanomas were included in the study. DNA was 
extracted from the paraffin sections followed by PCR amplifi- 
cation of exon 15 and detection of the common BRAF missense 
mutation (T-*A transversion at nucleotide 1796) using restric- 
tion enzyme analysis. 

Results. Although positive cutaneous melanoma control cell 
lines harbored the T1796A BRAF mutation, none of the 29 
uveal melanomas harbored the mutation. 
Conclusions. These data suggest that BRAF T1796A activating 
mutation is not common in primary uveal melanoma. These 
findings are in accord with known differences in tumorigenesis 
between uveal and cutaneous melanomas. (Invest Ophthalmol 
Vis Set 2003;44:2876-2878) DOI:10.1l67/iovs.02-1329 

Uveal melanoma is the most common form of primary eye 
cancer in adults, with an annual incidence of six to seven 
cases per million. 1 It accounts for 80% of the noncutaneous 
melanomas and for 13% of all deaths caused by melanoma. 2 
This tumor carries up to a 50% 5-year mortality from metastasis 
that is associated with both histologic and demographic prog- 
nostic factors such as cell type, tumor diameter and location, 
chromosomal aberration, age, and sex. 1,3,4 

Uveal and cutaneous melanomas originate from a common 
precursor cell, the melanocyte, which migrates from the neural 
crest to the respective site during the embryonic development 
period. 5 The similar genetic background and some common 
histologic characteristics suggest a similar pathogenesis in 
these tumors. 6,7 Although risk factors such as fair skin com- 
plexion and blue iris color may be shared, 4 UV radiation and 
sunlight effect appears to play a significant role only in cuta- 
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neous melanoma. 8 Furthermore, uveal melanoma metastasizes 
hematogenously, with the liver frequently affected, 9 whereas 
cutaneous melanoma tends to spread through the lymphatic 
system, usually affecting the regional lymph nodes. 10 

Unlike cutaneous melanoma, little is known about the un- 
derlying molecular pathogenesis of uveal melanoma. Loss of 
gene function due to deletions or inactivating mutations, as 
well as gain-of function mutations is the hallmark of cancer 
cells. 11 To date, no oncogenes or tumor-suppressor genes have 
been linked to uveal melanoma. Cytogenetic analyses of uveal 
melanoma have identified chromosome 3 monosomy and in- 
creased chromosome 8, short arm, copy number in more than 
50% of the tumors. 12 * 13 This alteration also correlates signifi- 
cantly with metastasis and decreased survival. 114 

The importance of oncogenic mutations in the RAS/ RAF/ 
MEK/ERJC pathway has been well documented in human can- 
cer. More than 15% of all human cancers harbor point muta- 
tions of RAS. 15 Constant activation of this pathway provides a 
potent promitogenic force, resulting in abnormal proliferation 
and differentiation in many human cancers. 16 The association 
between RAS mutations and human uveal melanomas was 
investigated in several studies. 1718 Soparker et al. 18 screened 
Ha ras, Ki-ras, and N-ras at codons 12, 13, and 61 and could not 
find any mutations. It is still not known whether other genes in 
the RAS/ RAF/ MEK/ERK pathway have a role in the develop- 
ment of uveal melanoma. 

Mutations in one of the RAF genes, BRAF, have been re- 
cently discovered in the majority of cutaneous melanomas, 1 
cutaneous nevi, 19 and papillary thyroid carcinoma 20 and to a 
lesser extent in other cancers. 15 ' 21 The predorninant mutation 
reported in cutaneous melanoma and cutaneous nevi was a 
thymine-to-adenine (T-»A) transversion at nucleotide position 
1796 (corresponding to an amino-acid swap of glutamate for 
valine at residue 599; V599E). This transversion resulted in 
constant activation of BRAF and, in turn, of the MEK/ERK 
pathway. To screen for a possible shared etiologic factor be- 
tween uveal and cutaneous melanomas, we screened 29 cases 
of primary posterior uveal melanoma tumors for the T1796A 
BRAF mutation. 



Materials and Methods 
Pathologic Specimens 

Formalin-nxed, paraffin-embedded sections from 29 posterior uveal 
melanomas were included in the study. The sections were collected 
from the Wilmer Eye Institute at the Johns Hopkins University School 
of Medicine (Baltimore, MD) and-the ophthalmic pathology laboratory 
of the Hadassah University Hospital (Jenisalem, Israel). All tumor sam- 
ples were removed as part of the patient's treatment and with local 
ethics committee approval for use of the tissue in this study. The study 
protocol adhered to the tenets of the Declaration of Helsinki.. 

DNA Extraction 

Tumor tissue was microdissected from an area in the sections with 
more than 75% malignant cells. DNA was purified by standard phenol- 
chloroform extraction followed by ethanol precipitation. 13 
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Figure 1. Restriction enzyme anal- 
ysis of the Tl 796A mutation in exon 
1 5 of the BRAF gene. (A) The pres- 
ence of the T1796A mutation was 
determined using the restriction en- 
zyme 7spRI. Exon 15 was amplified 
by PCR and digested with TspVl. The 
T— »A base transversion eliminates a 
TspRl restriction site within the 
224-bp amplified product. PCR, un- 
cut PCR product; WT, wild-type al- 
lele (T1796); M, mutant allele 
(A 1796). (B) Digestion products 
were electrophoresed on 10% poly- 
acrylamide gel and visualized with 
ethidium bromide stain. Hilo: molec- 
ular weight marker, lanes 1 and 2: 
negative cases; lanes 3 and 4\ posi- 
tive control cell lines. 
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BRAF Exon 15 PCR Amplification 

Approximately 100 ng of total cellular DNA was used in each PCR 
amplification. The PCR was performed using specific BRAF exon 15 
primers: forward primer: TCATAATGCTTGCTCTGATAGGA; reverse 
primer: GGCCAAAAATTTAATCAGTGGA, as described elsewhere. 15 A 
step-down PCR protocol was used as follows: 95 °C for 2 minutes, 1 
cycle; 95°C for 1 minute, 60°C for 1 minute, 72°C for 1 minute, 2 
cycles; 95°C for 1 second, 58°C for 1 minute, 72° C for 1 minute, 2 
cycles; 95°C, for 1 minute, 56°C for 1 minute, and 72°C for 1 minute 
for 30 cycles and a finai extension at 72°C for 5 minutes. 

Analysis of BRAF T1796A Mutations 

Analysis of BRAF T1796A mutations was performed as described pre- 
viously. 20 Briefly, 10 fiL of PCR product was incubated with 1 /J.L of 
7spRI restriction enzyme (10 U/ /nL New England Biolabs, Beverly, MA) 
in a 30-jiL reaction volume overnight at 65°C. The same reaction 
replacing the enzyme with deionized (d)H 2 0 was used as negative 
control. The samples were loaded and run on a nondenaturing 10% 
polyacrylamide gel. The gels were stained with ethidium bromide, and 
the bands were visualized under a UV lamp. 

Results 

To detect BRAF mutations in posterior uveal melanoma, we 
screened the gene for the T1796A transversion by PCR and 
restriction enzyme analysis. 7spRI digestion of the PCR frag- 
ment yielded three major bands at 125, 87, and 12 bp in the 
wild-type allele. The T1796A mutation abolished one restric- 
tion site, resulting in a prominent 212-bp band from the mutant 
allele and residual bands from the normal allele (Fig. 1). As 
positive controls for the BRAF T1796A mutation, we tested the 
cutaneous melanoma cell lines HTB71 , HTB72, and A2058 with 
known mutation; ME180 (cervical cancer) and HCT1 16 (colon 
cancer) served as the negative control. All 29 cases of uveal 
melanoma screened were negative for the BRAF T1796A mu- 
tation. This hot spot was chosen because the reported BRAF- 
activating mutations in cutaneous nevi and cutaneous mela- 
noma occur almost exclusively in this position. 15,19 

Discussion 

Although advances in molecular genetics have made possible 
the identification of genetic changes and particular mutant 
genes in human tumors, relatively little is known about the 
molecular genetic alterations leading to the development of 
uveal melanoma. In an attempt to better understand the mo- 
lecular events that lead to uveal melanoma, we searched for a 



BRAF mutation that has been found to occur in up to 80% of 
cutaneous nevi and cutaneous melanomas. 15,19 

Although common in cutaneous nevi and cutaneous mela- 
noma, the T1796A BRAF mutation was absent in uveal mela- 
nomas. Because we did not sequence the complete exon 1 5 in 
the present study, we cannot exclude completely the presence 
of other less common BRAF mutations (V599D, V599K, 
V599R) 15,19 in uveal melanoma. However, the very common 
T1796A (V599E) BRAF mutation in cutaneous nevi and cutane- 
ous melanomas does not play a role in the pathogenesis of 
uveal melanoma. This result is in accord with the known 
epidemiologic and histologic differences previously described 
between these two melanoma subtypes. 3,9,22 It is conceivable 
that uveal melanoma arises from a series of genetic changes 
divergent from those of cutaneous melanoma. Although chro- 
mosome 3 monosomy and 8q trisomy are common in uveal 
melanoma, they are rarely observed in cutaneous melanoma. 2 
Integrin expression, which is essential for growth and meta- 
static capacity of cutaneous melanoma cells, as well as the 
expression of melanoma-associated antigens and the melano- 
cortin-1 receptor, differ markedly between uveal and cutane- 
ous melanomas. 3,23 " 25 Our findings thus support further ge- 
netic diversity between cutaneous and uveal melanomas. 
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Integrin Expression in Uveal Melanoma Differs 
From Cutaneous Melanoma 
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Purpose. During the process of metastasis, changes in cell-cell and cell-matrix contacts occur; 
therefore, expression of integrins, a superfamily of adhesion molecules, may be important. 
Expression of integrins has been studied extensively in cutaneous melanoma. Because it is 
known that uveal melanoma has a metastatic behavior different from cutaneous melanoma, the 
authors investigated integrin expression in uveal melanoma. 

Methods. The authors used monoclonal antibodies recognizing integrin subunits al-6, av, 01, 
and 04 and integrins av03 and av05 on frozen sections of 32 human primary uveal melano- 
mas and 4 metastases, followed by an avidin-biotin-peroxidase complex-immunoperoxidase 
technique. 

Results. As in cutaneous melanoma, a4 expression was rare, but most lesions expressed a3 and 
a6. In contrast to cutaneous melanoma, in which a2 is well expressed in most lesions and otb is 
expressed only in a small percentage of lesions, «2 expression was rare in uveal melanoma and 
ab expression was found in all lesions. A major difference was observed with regard to the 
<*v03 vitronectin receptor. In contrast to cutaneous melanoma, in which av03 is expressed in 
advanced primary melanomas and metastases, av03 was not detected in any of the primary 
uveal melanomas, but all lesions strongly expressed arv05. 

Conclusions. Integrin expression in uveal melanoma cannot be correlated with cell type or 
invasiveness. In contrast to cutaneous melanoma, it seems that determination of the integrin 
expression profile is not suitable for categorizing uveal melanomas as less malignant and highly 
malignant lesions. Invest Ophthalmol Vis Sci. 1993;34:3635-3640. 



In contrast to cutaneous melanomas, uveal mela- 
nomas metastasize primarily to the liver. This differ- 
ence in biologic behavior cannot be explained on the 
basis of any known anatomic or physiologic factors. 1 
Other sites of metastasis from uveal melanoma are the 
brain, lungs, bone marrow, lymph nodes, pericar- 
dium, skin, and organs of the gastrointestinal tract. 
Because the eye lacks lymphatics, uveal melanoma 
does not exhibit direct lymphatic spread, unlike cuta- 
neous melanoma. In addition to direct hematogenous 
spread, uveal melanoma cells can invade the sclera and 
reach the orbital tissues, usually at sites where blood 
vessels, and possibly lymph vessels, pass through. 
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For malignant cells to detach from their primary 
location, attach to extracellular matrix components of 
the surrounding stroma, enter a blood vessel, and me- 
tastasize, their adhesive properties must change re- 
peatedly. 2 Therefore, receptors mediating cell adhe- 
sion may be of great importance in metastasis. 3,4 Inte- 
grins, a superfamily of cell-surface receptors, 
participate in cell adhesion and migration. 5 These he- 
terodimeric glycoproteins consist of an a-chain non- 
covalently linked to a 0-chain, rendering ligand speci- 
ficity. Integrins are divided into families on the basis of 
a common /3-chain. So far, three families (01, jS2, 03) 
have been studied extensively, and five additional 
jft-subunits were described recently. 5 In cutaneous me- 
lanocytic lesions, the level of expression of three inte- 
grin subunits (a2, a6, and 03) has been found to be 
correlated with tumor progression. 6 ^ 9 

Because uveal melanoma differs biologically and 
clinically from cutaneous melanoma, uveal melanoma 
may express a different pattern of integrins. In this 
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Influence of Autonomic Neurotransmitters on Human Uveal 

Melanocytes in vitro 

DAN-NING HU ab *, DAVID F. WOODWARD 0 and STEVEN A. M cCO R M I C K ab 
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Valhalla, NY 10595, U.S.A. and c Allergan, Inc., Biological Science, P.O. Box 19534, Irvine CA 92623 

U.S.A. 

(Received Seattle 23 November 1999 and accepted in revised form 15 March 2000) 

The influence of autonomic neurotransmitters on the growth and melanogenesis of cultured uveal 
melanocytes was studied. Uveal melanocytes were cultured with medium supplemented with cAMP 
elevating agents and basic fibroblast growth factor (complete medium). The ceils were plated into 
multiple well plates, and various concentrations of adrenergic and cholinergic agents were added to the 
media (complete medium or various deleted media). After 6 days, the ceils were detached for cell 
counting and melanin measurement and compared to controls. Epinephrine, isoproterenol, salbutamol 
and metaproterenol (adrenergic agonists that can activate ^-adrenoceptors) substantially stimulated 
growth and me anogenesis of cultured uveal melanocytes in cAMP-deleted medium. Methoxamine 
cion.dme, prenalterol and D-7114 (adrenergic agonists that do not activate p 2 -adrenoceptors) showed 
no ellect under similar experimental conditions. Muscarine (a cholinergic agonist) inhibited the growth 
and melanogenesis of uveal melanocytes in complete medium. It indicates that adrenergic agents (B - 
adrenoceptor agonists) stimulate growth and melanogenesis in uveal melanocytes, while cholinergic 
agonist has an inhibitory effect. This effect appears to involve the cAMP second messenger system These 
studies suggest that homeostasis of the uveal melanocytes may be maintained, in part, by regulating the 
autonomic nervous system in vivo. © 2000 Academic Press 

Key words: adrenergic agonists; autonomic nerves; cholinergic agonists; neurotransmitters; uveal 
melanocytes; melanin; Horner's syndrome. 



1. Introduction 

Iris pigmentation results mainly from the presence of 
uveal melanocytes (UM) and the iris pigment epi- 
thelium (IPE). Individual differences in iris color are 
determined primarily by variable melanin content in 
iridial melanocytes (Eagle, 1988; Imesch et al. t 1996; 
Wilkerson et al.. 1996). Iris depigmentation occurs in 
sympathetic nerve paralysis (Horner's syndrome), and 
interruption of the sympathetic pathway in experi- 
mental animals also causes iris depigmentation and 
decreases tyrosinase activity in the iris and choroid 
(Laties, 1974). Ultrastructural and neurohistochem- 
ical studies in human and various experimental 
animals suggest close contact between uveal melano- 
cytes and both adrenergic and cholinergic nerve 
termini (Wolter, 1960; Feeney and Hogan, 1961; 
Ehiger. 1966; Hogan, Alvarado and Weddell, 1971; 
Laties, 1972, 1974; Ringvold, 1975; Mukuno and 
Witmer, 1977; Tamm et al., 1997). These findings 
indicate the presence of innervation of UM. It is pos- 
sible that the growth and melanogenesis of uveal 
melanocytes may. be regulated by the autonomic 
nervous system. However, the effects of adrenergic 

* Address correspondence to: Dan-Ning Hu. Tissue Culture 
Center. The New York Eye & Ear Infirmary. 310 E. 14th Street 
New York. NY 10003. U.S.A 



and cholinergic stimulation on the UM and the types 
of neurotransmitter receptors involved have not been 
investigated thoroughly. 

We have developed methods for isolation and 
culture of human UM. The UM grow well and can 
divide 35-50 times in vitro (Hu, McCormick and 
Ritch, 1993a; Hu et al.. 1993b). Cultured UM express 
tyrosinase activity and produce melanin in vitro. 
The melanin content of cultured UM correlates with 
the melanin content in vivo (Hu et al., 1995, 1997). 
Therefore, these cells can be a good model for study- 
ing the cell biology of UM. In the present study, we 
investigated the effects of various neurotransmitters 
and receptor selective adrenoceptor agonists (Table I) 
on the growth and melanogenesis of cultured UM. 



2. Materials and Methods 

Reagents 

F12 nutrient mixture (F12 medium), fetal bovine 
serum (FBS), geneticin, L-glutamine, gentamicin, 
trypsin solution, and trypsin-ethylene diaminetetra- 
acetic acid (trypsin-EDTA) solution were obtained 
from GIBCO (New York, NY, U.S.A.). 1 2-O-tetradeca- 
noyI-phorbol-13-acetate (TPA), synthetic melanin by 
oxidation of tyrosine with hydrogen peroxide, cholera 
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Table I 



Various adrenergic agonists tested in the present study 





Receptors 


2nd Messenger 


Epinephrine 


a and P 


Phospholipase C. Ca ++ . cAMP 


Phenylephrine 


ct } and p 


Phospholipase C. Ca ++ , cAMP 


Methoxamine 




Phospholipase C, Ca + + 


Clonidine 


2 ] 


Phospholipase C, Ca + + 


Isoproterenol 


p 


cAMP 


Prenalterol 


pi 


cAMP 


Salbutamol 


P2 


cAMP 


Metaproterenol 


p2 


cAMP 


D-7114 


P3 


cAMP 



Ref.: Brittain et al. (1968); Cantacuzene et al. (1979); Nimit et al. 
(1980); Scarpace and Abrass (1982); Cook, Richardson and Barnett 
(1984); Minneman (1988); Emorine et al. (1991); Holloway et al. 
(1991); Lanier et al. (1996). 



toxin, isobutylmethylxanthine (IBMX), epinephrine, 
phenylephrine, methoxamine, clonidine, metaproter- 
enol and isoproterenol were obtained from Sigma- 
Aldrich (St. Louis, MO, U.S.A.). Human recombinant 
bFGF was obtained from Promega (Madison, WI, 
U.S.A.). Prenalterol, salbutamol and D-7114 were 
obtained from Astra (Worcester, MA, U.S.A.), Glaxo 
(Ware, U.K.) and ICI (Macclesfield, U.K.), respectively. 

Cell Culture 

Human UM were isolated from adult donor eyes as 
previously described (Hu et al., 1993b). The isolated 
UM were cultured with FIC medium, which is F12 
medium supplemented with 10% FBS, 2 mM gluta- 
mine, 20 ng ml" 1 bFGF, 0*1 mM IBMX, 10 ng ml" 1 
cholera toxin, and 50 fig ml" 1 gentamicin. After 
reaching confluence, the UM were detached using 
trypsin-EDTA solution, diluted 1:3-1:6, and sub- 
cultured. 

Experiments 

The UM used in this study consisted of four cell 
lines, two isolated from the iris and two from the 
choroid. These cells had been in culture for no longer 
than 2 months and had been passaged three to six 
times at a dilution of 1:3-1: 4. The purity of the cell 
lines was demonstrated by immunocytochemical 
methods. UM displayed S-100 antigen but no cyto- 
keratin antigen, the pigment epithelial cells displayed 
both antigens, and the fibroblasts displayed neither of 
these antigens (Hu et al., 1993b). 

The UM were plated into 12 well plates with FIC 
medium at a density of 5 x 10 4 cells per well. After 
24 hr, the FIC medium was replaced with 10 ml of 
the test media. The media were replaced every 3 days, 
and the cells were cultured for 6 days. After 6 days, 
the cells were detached by trypsin and counted using 
a hemocytometer. Detached cells were treated with 
sodium hydroxide (1 m) to extract the melanin. The 



amount of melanin was then measured using a 
spectrophotometer at 475 nm and compared with a 
standard curve to determine the amount of melanin 
present (expressed as pg per well). 

Effect of adrenergic agonists. The base medium 
used was cAMP-deleted medium, which consisted of 
F12 medium with 10% FBS and 20 ng ml" 1 bFGF. 
Various adrenergic agonists (epinephrine, isopro- 
terenol, phenylephrine, clonidine, methoxamine, 
prenalterol, salbutamol, D-7114 and metaproterenol 
at a concentration of 10" 5 m) were added to test their 
effects. Phenylephrine, clonidine and methoxamine 
were tested both in cAMP-deleted medium and bFGF/ 
TPA-deleted medium (medium with serum, cAMP- 
elevating agents but without bFGF and TPA). Each 
was tested in triplicate. UM cultured with cAMP- 
deleted medium, bFGF/TPA-deleted medium and 
complete medium (FIC medium) were used as 
negative and positive controls, respectively. 

Effect of isoproterenol in various media. The P-adre- 
noceptor agonist isoproterenol was selected as a 
model for further studies on the effect of adrenergic 
agonist on UM in various media. The base media used 
included serum-deleted medium (medium with FIC, 
but without serum), cAMP-deleted medium, bFGF/ 
TPA-deleted medium, and complete medium (FIC 
medium). Isoproterenol (10" 5 m) was added to test 
its effect on cell growth and melanogenesis in various 
types of media. Each was tested in triplicate. UM 
cultured with complete medium (FIC medium) and 
various deleted media were used as negative and 
positive controls, respectively. 

Dose-dependent effects of isoproterenol The base 
medium used was cAMP-deleted medium. Isopro- 
terenol was added in graded concentrations (from 
10~ 10 to 10" 5 m), each concentration was tested in 
triplicate. UM cultured with cAMP-deleted medium 
and complete medium (FIC medium) were used as 
negative and positive controls, respectively. 

Effects of phenylephrine at different concentrations in 
various media. Phenylephrine stimulated cell growth 
and melanogenesis in cAMP-deleted medium at a 
concentration of 10" 5 M. Phenylephrine activates both 
a- and p-adrenoceptors. In order to elucidate which 
receptor phenylephrine activated in UM, phenyl- 
ephrine (10" 7 -10~ 5 m) was added to UM cultured 
with cAMP-deleted medium, bFGF/TPA-deleted 
medium and serum-deleted medium. Each concen- 
tration was tested in triplicate. UM cultured with 
complete medium (FIC medium) and various deleted 
media were used as negative and positive controls, 
respectively. 

Effects of cholinergic agonist. The base media used 
were serum-deleted medium and complete medium. 



Muscarine was added at various concentrations from 
10~ 6 to 10~ 4 m to test its effects. Each was tested in 
triplicate. UM cultured with complete medium (FIC 
medium) and serum-deleted medium were used as 
controls. 

Effect of deletion of adrenergic agonist. The UM were 
plated into 6 well plates at a cell density of 2 x 10 4 
and cultured with cAMP-deleted medium supple- 
mented with isoproterenol (10~ 5 m). Three days later, 
isoproterenol was deleted from the culture medium in 
2 1 wells of UM. Cells were detached from three wells 
for cell counting and melanin measurement every 
3 days for 3 weeks. UM cultured with isoproterenol 
supplemented medium were used as positive controls. 

Some tested neurotransmitters are not stable and 
are easily oxidized, therefore an antioxidant, ascorbic 
acid (10" 5 m), was added to all culture media to 
protect the tested substances. 

Student's f-test was used to assess statistical 
significance. 



3. Results 

UM cultured with cAMP-deleted medium grew 
slowly and showed a decrease of melanin content/ 
culture. Addition of epinephrine, phenylephrine, iso- 
proterenol, salbutanol and metaproterenol at a con- 
centration of 10" 5 M resulted in significant stimulation 
of growth and an increase in the melanin content/ 
culture (P < 0-01) (Table II). Methoxamine, cloni- 
dine, prenalterol and D-7114 at a concentration of 
10~ 5 M showed no effect on cell growth or melanin 
content (Table II). Phenylephrine, clonidine and meth- 
oxamine at a concentration of 10~ 5 M showed no 
effects in bFGF/TPA-deleted medium (data not shown). 



UM cultured with bFGF/TPA-deleted medium and 
serum-deleted medium grew slowly or did not grow, 
and melanin content/culture decreased in cells cul- 
tured with serum-deleted medium. Isoproterenol 
(10" 3 m) stimulated cell growth significantly in cells 
cultured with cAMP-deleted medium and to a lesser 
degree in bFGF/TPA-deleted medium and complete 
medium, but not in serum-deleted medium, indicating 
that isoproterenol mainly activated the cAMP system 
[Fig. 1(A)]. 

Isoproterenol stimulated growth and melano- 
genesis in a dose-dependent manner at concentra- 
tions ranging from 10" 10 to 10" 5 m [Fig. 1(B)]. The 
difference in melanin content/culture and cell counts 
between the negative control and the test groups 
were statistically significant (0 05 > P > 0-01 at 
concentrations of 10" 8 -10~ 9 m and P < 0 01 at 
concentrations of 10~ 7 -10" 5 m). 

Phenylephrine stimulated growth and melano- 
genesis of UM only in cells cultured with cAMP- 
deleted medium and at a concentration of 10~ 5 M 
(P < 0-01). Phenylephrine did not affect the cell 
number and melanin content of UM in bFGF/TPA- 
deleted medium and serum-deleted medium (10~ 6 - 
10~ 5 m) and in cAMP-deleted medium at a concen- 
tration of 10" 6 M [Fig. 2(A)]. These results indicate 
that phenylephrine only activates the cAMP system at 
a high concentration. Therefore, it is possible that the 
effect of phenylephrine on UM is related to activation 
of P-adrenoceptors of UM, since phenylephrine is well 
known to possess weak P-adrenoceptor agonist proper- 
ties (Cantacuzene et al. f 1979; Nimit et al. f 1980). 

Muscarine inhibited the growth and melanogenesis 
of UM cultured with complete medium and serum- 
deleted medium [Fig. 2(B)]. The differences of melanin 
content/culture and cell counts between the control 
and test groups were statistically significant (cell 



Table II 

Effect of various adrenergic agonists on the growth and melanogenesis of cultured uveal melanocytes 



Group 


Neurotransmitters 


Cell number 


Melanin per culture (per cell) 


Negative control (deleted medium) 




100 ± 7% 


100 ± 11-7% (100%) 


Non-selective adrenergic agonist 


Epinephrine 


294 ± 20%* 


222 ± 21-4%* (75-8%) 


ot-adrenoceptor agonist: 






(a j- and (3) 


Phenylephrine 


149 ± 13%* 


127 ± 16-3% (85-2%) 


(«,) 


Methoxamine 


102 ± 9% 


100 ± 12-1% (98 0%) 


(a 2 ) 


Clonidine 


98 ± 6% 


98 + 10-8% (100%) 
214 ± 19-4%* (70-2%) 


Non -selective P-adrenoceptor agonist 


Isoproterenol 


305 ± 25%* 


Selective p-adrenoceptor agonist: 






(P,) 


Prenalterol 


120 + 8% 


106 + 11-7% (88-3%) 


(P 2 ) 


Metaproterenol 


311 ± 21%* 


216 + 32-6%* (69-5%) 


(P 2 ) 


Salbutamol 


298 + 15% 


211 ± 21-4%* (70-8%) 


(P 3 ) 


D-7114 


103 ± 6% 


100 ± 10-3% (97-1%) 


Positive control (FIC medium) 




321 ± 22%* 


308 ± 35-3%* (95-9%) 



Cells were plated into 12 well plates and cultured in cAMP-deleted medium. Various adrenergic agonists (10" 5 m) were added. Each was 
tested in triplicate. Cells cultured with cAMP-deleted medium or complete medium were used as negative and positive controls, respectively. 
After 6 days, the cells were counted, and melanin content was measured. Cell number and melanin content were expressed as a percentage of 
the negative control (mean ± s.a). Melanin content per culture, not per cell, was used as the main parameter for evaluating melanogenesis (see 
Discussion). *P < 0 01. 
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Fig. 1. Effect of isoproterenol on the growth and 
melanogenesis of uveal melanocytes in different culture 
media (A) or different concentrations (B). Cells were plated 
into 12 well plates and cultured in serum-deleted. bFGF/ 
TPA deleted and cAMP-deleted media (A) or in cAMP- 
deleted media (B). Isoproterenol [at 10" 5 m in (A) and at 
10- ]0 -lCr 5 m in (B)] was added to test its effect. Cells 
cultured with various deleted media were used as negative 
controls. Each was tested in triplicate. The media were 
replaced every 3 days. After 6 days, the cells were detached 
and counted, melanin was extracted and measured. Both 
numbers of cell and melanin contents per well were 
expressed as percentages of the negative control 
(mean ± S.D.). *0 05 > P > 0 01; +P < 0 01. 
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Fig. 2. Effects of phenylephrine (A) or muscarine (B) at 
different concentrations on the growth and melanogenesis 
of uveal melanocytes. Cells were plated into 12 well plates 
and cultured in serum-deleted, bFGF/TPA deleted and 
cAMP-deleted media (A) or serum-deleted medium and 
complete medium (B). Phenylephrine [10" 6 -10~ 5 m, (A)] or 
muscarine [10" 5 -10~ 4 M, (B)] was added to test their effect. 
Cells cultured with various deleted media (A) or serum- 
deleted medium and complete medium (B) were used as 
controls. Each was tested in triplicate. The media were 
replaced every 3 days. After 6 days, the cells were detached 
and counted, melanin was extracted and measured. Both 
numbers of cell and melanin contents per well were 
expressed as percentages of the control (mean ± s.D.). 
*0 05 > P > 0 01; +P < 0 01. 



number: 0 05 > P > 0 01 at concentrations of 10~ 4 
m in complete medium, at 10~ 5 m in serum-deleted 
medium, and P < 0-01 at concentrations of 10~ 4 M 
in serum-deleted medium; melanin content/culture: 
0-05 > P > 0 01 at concentration of 10" 4 M in com- 
plete medium and serum-deleted medium). 

UM cultured with cAMP-deleted medium supple- 
mented with 10" 5 m isoproterenol grew well. After 
deletion of isoproterenol, UM still grew and produced 
melanin for 3 days, thereafter, cells grew slowly. 
Seven days after the deletion of isoproterenol, the UM 
ceased to grow, became degenerated and detached 
from the well, the number of cells and melanin 
content per well decreased continuously. The number 
of UM decreased to 25% of total seeded cells after 
21 days of deletion of isoproterenol. In contrast. 



the UM cultured with medium supplemented with 
isoproterenol grew well and produced melanin during 
the 3 week period (Fig. 3). 

All data mentioned above were based on the study 
of a melanocyte cell line from iris. The effects of 
neurotransmitters on growth and melanogenesis of 
cultured UM were consistent in all three other cell 
lines. 



4. Discussion 

There are two types of melanin-synthesizing cells 
in the iris: the IPE and iridal melanocytes (Hogan 
et al., 1971; Mund, Rodrigues and Fine. 1972; Zinn 
et al., 1973; Imesch et al.. 1996; Wilkerson et al., 
1996). The IPE is located at the posterior surface of 
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Fig. 3. Effect of deletion of isoproterenol on the growth 
and melanogenesis of uveal melanocytes. Uveal melano- 
cytes were plated into 6 well plates and cultured with 
cAMP-deleted medium supplemented with isoproterenol 
(10~ 5 m), 3 days later, isoproterenol was deleted from the 
culture medium in 21 wells (dashed lines). Cells were 
detached from three wells for cell counting and melanin 
measurement every 3 days for 3 weeks. Cells cultured with 
isoproterenol supplemented medium were used as positive 
controls (solid line). Cell number was expressed as 1 x 10 4 
(mean + s.D.) (A). Melanin content was expressed as //g per 
well (mean ± s.D.) (B). 

the iris and is derived from the neuroectoderm. Adult 
human IPE do not produce melanin in vitro (Hu et al., 
1992). The melanin in IPE does not vary significantly 
between irides of different colors. Therefore, the IPE is 
believed to play only a minor role in variations in iris 
color (Eagle, 1988; Imesch et al., 1996; Wilkerson 
et al., 1996). 

The melanocytes are derived from the neural crest, 
are located in the stroma of the iris, and tend to cluster 
near the anterior border of the stroma (Hogan et al., 
1971; Zinn et al., 1973; Tamm et al., 1997). Adult 
human UM do produce melanin in vitro (Hu et al., 
1995). The melanin content of melanocytes, which 
varies in different colored irides (both in vivo and 
in vitro), is the most important factor in determining 
iris color (Eagle, 1988; Hu et al., 1995; Imesch et al., 
1996; Wilkerson et al., 1996). 

It has been long recognized that hypopigmentation 
(congenital cases) or depigmentation (acquired cases) 
of the iris on the affected side occur in patients with 
paralysis of the cervical sympathetic nerve (Horner's 
syndrome). The mechanism of iris depigmentation in 



Horner's syndrome has been obscure. There are differ- 
ent hypotheses involving sympathetic nerves: these 
include neurotrophic effects, control of migration, or 
the supply of noradrenaline to UM for use as a sub- 
strate for conversion to a melanin akin to neuro- 
melanin (Laties, 1972, 1974). Electron microscopy 
studies of the iris from a Horner's syndrome patient 
revealed depletion of UM and absence of sympathetic 
nerve fibers. In contrast to the UM, the IPE still 
remained unaffected (McCartney et al., 1992). 

In experimental animals, removing the superior 
cervical ganglion or section of the sympathetic nerve 
trunk below the ganglion in rabbits or cats leads to iris 
depigmentation and decreased tyrosinase activity in 
the iris and choroid (Laties, 1972, 1974). Topical 
administration of adrenergic antagonist in newborn 
rabbits also causes iris depigmentation (Odin and 
O'Donnell, 1982). 

Neurohistochemical studies, anatomic and ultra- 
structure studies in various experimental animals 
(cat, rabbit, rat, baboon and monkey) and humans 
revealed a close relationship between adrenergic 
nerve termini, postganglionic cholinergic nerve 
termini and UM (Wolter, 1960; Feeney and Hogan, 
1961; Ehiger, 1966; Hogan et al., 1971; Laties, 1972, 
1974; Ringvold, 1975; Mukuno and Witmer, 1977; 
Tamm et al., 1997). These observations point to a 
dual autonomic innervation of UM. However, the 
effects of adrenergic and cholinergic nerve stimulation 
on melanogensis and growth of UM have not been 
studied, and little is known about the exact receptors 
and second messenger system involved. 

During the past decade, we have developed methods 
for isolation and cultivation of human UM, collected 
many cell lines and studied factors regulating melano- 
genesis and growth of UM in vitro (Hu et al., 1993b, 
1993a, 1995, 1997). We found that growth and 
melanogenesis of cultured UM were controlled by at 
least three second messenger systems. cAMP elevat- 
ing agents and protein kinase C activators (TPA) 
stimulate melanogenesis and growth of cultured UM. 
Tyrosine kinase activators (bFGF) stimulate growth 
but not melanogenesis of cultured UM. Serum, 
cAMP-elevating agents, bFGF or TPA, are essential 
for growth, melanogenesis and survival of cultured 
UM. Deprivation of any factors leads to a decrease of 
melanin content and or cell numbers (Hu et al., 
1993a, 1997). Based on our previous work, we have 
developed a deletion and substitution model for study- 
ing the effects and mechanism of various substances 
on UM. One of the known factors is deleted from the 
complete medium, and a test substance is added to the 
deleted media. If the UM grow and differentiate well, 
then we suppose that the test substance may have a 
similar mode of action as the agent deleted (Hu et al., 
1993a, 1997). 

In our previous studies, three parameters (melanin 
content per cell, melanin content per culture and 
tyrosinase activity) were used to evaluate the effect of 



various substances on melanogenesis in cultured UM 
(Hu et al., 1995, 1997). An important concept for 
consideration is which parameter is most meaningful 
to evaluate melanogenesis of UM in vitro. Tyrosinase 
activity is an important factor, but not the sole factor 
in determining the rate of melanin production (Prota, 
1993). The color of the iris is determined by melanin 
content rather than tyrosinase activity (Hu et al., 
1995). Measurement of melanin content is more 
direct and meaningful than that of tryosinase activity. 
Melanin content per culture is more important than 
melanin content per cell for two reasons. First, 
melanin content per cell is affected both by melanin 
production rate and the growth rate. In stationary 
cells, the melanin produced accumulates in the cell 
and results in a rapid increase in the melanin content 
per cell. In growing cells, the melanin is diluted to 
daughter cells during division and results in a marked 
decrease of melanin per cell (Hu et al., 1997). Further- 
more, from the clinical view point, iris pigmentation is 
a function of total melanin present in the tissue, not of 
melanin content per melanocyte (Hu et al., 1997). 
Therefore, melanin content/culture was used as the 
main parameter for evaluating the effect of various 
neurotransmitters on melanogenesis. 

The sympathetic nervous system employs neuro- 
transmitters that influence adrenergic receptors 
(Table I). In the present studies, non-selective adre- 
nergic agonist (epinephrine), non-selective (3-adreno- 
ceptor agonist (isoproterenol), and ^-adrenoceptor 
agonists (salbutamol and metaproterenol) stimulated 
the growth and the melanogenesis of UM predomi- 
nantly in cAMP-deleted medium, while a-adreno- 
ceptor agonists (methoxanine and clonidine) and 
P r or P 3 -adrenoceptor agonists (prenalterol and D- 
7114) showed no effect. These results indicate that 
adrenergic agonists mainly activate P 2 -adrenoceptors 
and elevate the intracellular cAMP level. Phenyl- 
ephrine, an adrenergic agonist, mainly activates a r 
adrenoceptors but also activates P-adrenoceptors at 
high concentrations, only stimulated the growth and 
melanogenesis of UM cultured with cAMP-deleted 
medium at high concentration. This indicates that the 
effect of phenylephrine on UM is also due to activation 
of p-adrenoceptors UM. 

The parasympathetic nervous system utilizes neuro- 
transmitters that influence cholinergic receptors (nic- 
otinic and muscarinic receptors). Stimulation of 
muscarinic receptors inhibit the cAMP system or 
stimulate of phospholipase C. In the present studies, 
high concentrations of muscarine inhibited growth 
and melanogenesis of UM, possibly by inhibiting the 
cAMP system. There are five cloned human muscar- 
inic receptors. The effect of various muscarinic receptor 
selective agonists on the UM will be studied in the 
future. 

It has been reported that the effect of adrenergic 
neurons on iris pigmentation might be related to 
adrenergic oc-receptors based on an experiment in 



rabbits (Odin and O'Donnell, 1982). However, in this 
rabbit study, only one representative a- and P- 
antagonist was tested. In the present studies, nine 
different adrenergic agonists with pronounced effects 
on all known sub-types of adrenergic receptors have 
been tested, and all experiments were conducted using 
four cell lines. The results were reproducible and the 
effects were consistent for all adrenergic agonists 
tested. Furthermore, our results are consistent with 
the results of the binding assays showing that P 2 - 
adrenoceptors are the main adrenergic receptors in the 
human iris-ciliary body (Wax and Molinoff, 1987). 
Therefore, it seems likely that the release of neuro- 
transmitters from adrenergic nerves associated with 
human UM mainly activates P 2 -adrenoceptors. 

The involvement of the p-adrenoceptor in melano- 
genesis may be regarded as unexpected, since a 2 - and 
P j -adrenoceptors are typically regarded as being 
associated with adrenergic neurotransmission (Bryan 
et al., 1981). This provides yet further evidence that 
the p 2 -adrenoceptor is well represented in the human 
eye (Coakes and Shih, 1984; Nathanson, 1985; 
Jampel et al., 1987; Wax and Molinoff, 1987). 

The mechanism of iris depigmentation at cell 
biology level in Horner's syndrome has never been 
satisfactorily explained. Our studies showed that 
cAMP-elevating agents is essential for the growth, 
survival and melanogenesis of UM. UM cultured with 
cAMP-deleted medium supplemented with isoproter- 
enol could survive and produce melanin quite well. 
After deletion of isoproterenol, UM gradually lost 
viability and capacity for production of melanin, 
leading to reduced cell number and melanin content. 
It seems that adrenergic innervation plays an import- 
ant role in the maintenance of integrity of UM. 
Paralysis of sympathetic nerve and deprivation of 
adrenergic neurotransmitters can lead to loss of UM 
and melanin, which is the underlying cause for the 
occurrence of iris depigmentation. 

There are other diseases with iris depigmentation 
which may be related to the autonomic nervous 
system. For example, electron microscopy study of 
irides from Fuchs' heterochromic iridocyclitis patients 
have revealed a reduction of iridial melanocyte 
number and a decrease in the number and size of 
melanosomes, with accompanying degeneration of 
adrenergic nerves (Melamed et al., 1978; McCartney, 
Bull and Spalton, 1986). These findings indicated that 
the defect in melanogenesis in the UM may be due to 
abnormal adrenergic innervation, either primary or 
secondary to the inflammatory process (McCartney 
et al., 1986). 

In summary, adrenergic agonists (mainly p 2 - 
adrenergic agonists) stimulate growth and melano- 
genesis in UM, while cholinergic agonist has an 
inhibitory effect. This effect may be mediated by cAMP 
as the second messenger system. These studies indi- 
cate that homeostasis of UM may be maintained by 
the autonomic nervous system in vivo. 
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